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CHAPTER 1. INTRODUCTION 
Animal breeders and the scientists in quantitative genetics have used selection 
to obtain genetic improvement for a long time. Productive and reproductive traits 
are always two of the most important goals in selection. However , reproductive 
performance has received much less attention than productive performance . These 
two characteristics of performance are thought to be influenced by different sets of 
genes. That is , the genetic correlation between these two characteristics has been 
assumed to be very small or zero. Actually, long-term selection programs to improve 
growth can genetically alter female reproductive efficiency, if they are correlated. 
In particular , a negative genetic correlation may cause a gradual decline in female 
reproductive efficiency as breeders attempt to use different methods of selection to 
enhance genetic performance for growth. 
The absence of records for females culled in the selection procedure makes the 
analysis offemale rep rod ucti ve traits more difficult than the analysis of growth traits , 
where every animal has a record before culling. In general, estimates of genetic 
parameters and breeding values in . single trait analysis may be biased because of 
these missing records. The magnitude of this bias may be larger with more intense 
selection. Fortunately, methods for multiple trait analysis have become available in 
this decade. The covariances between the correlated traits included in the analysis 
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tend to reduce the selection bias in estimates of genetic parameters and breeding 
values. Therefore , there is a greater improvement in accuracy of prediction from 
multiple trait analyses than in single trait analyses. 
Although multiple trait analysis may be used to obtain estimates of the genetic 
parameters and solutions for the two characteristics of performance , there are still 
other problems associated with using larger animals , such as pigs , cattle or sheep 
in a long-term selection experiment. The quantity of animals , the length of life 
cycle and maturity, the management , and so on for these animals are difficult to 
control or keep consi stantly. In this experiment , Tribolium castaneum was used as an 
experimental animal to avoid the deficiencies mentioned above. The rust-red flour 
beetle has been utilized in quantitative genetic studies since the 1950 's, especially for 
selection experiments. 
The objectives of this experiment were: ( 1) to estimate the genetic parameters 
m different lines selected for growth (pupa weight ), female reproductive efficiency 
(family size) and an index of both traits , by single trait analysis and multiple trait 
analysis; (2) to compare the genetic responses and environmental trends in the growth 
and reproductive traits in each line for inferring the relationship between the two 
traits ; ( 3 ) to compare the accuracy of estimates from single trait analysis and multiple 
trait analysis; and ( 4) to conduct an analysis by using an animal model suitable for 
two-trait selection in livestock . 
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CHAPTER 2. LITERATURE REVIEW 
Genetic Parameter 
Heritability estimates for growth traits are generally larger than those of female 
reproductive traits. The low heritability estimates for female reproductive traits make 
it difficult to define efficient methods of selection for these trait s ( Skjervold 1979; 
Revelle and Robison , 1973 ). Moreover , small , even negative genetic correlations 
between the two groups of traits make the correlated responses of one group of traits 
small or decreasing as selection is practised on the other group of traits. 
Heritability 
Stewart and Schinckel ( 1988 ) reported that heritability estimates for average 
daily gain, backfat , days to 230 lbs , pounds feed per lb gain and daily feed intake 
in swine were moderate to high . Lamberson ( 1988) also reported that the average 
heritabilities of li tter weight at birth and at 21-days in swine were .29 and .15 , respec-
tively. In cattle , Bourdon and Brinks ( 1982) found the heritabilities of birth weight , 
weaning weight and yearling weight in beef cattle were .43 , .63 , and .73, respectively. 
MacNeil et al. ( 1984) reported that the heritabilities of birth weight and of an aver-
age of four weights taken at 7-year of age were .37 and .54. Smith and Brinks (1989) 
reported heritabilities of birth weight , weaning weight and yearling weight of .27 , .14 
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and .29 , respectively. In sheep , Fogarty et al. (1982) found the heritability of mean 
weaning weight was .13. The heritability of mean 18-days weight of litters rai sed 
during the lifetime in mice was .42 (Nagai et al. 1982). Also in mice, the realized 
heritabilities of weights at 3 weeks and 6 weeks were .17 (from .15 to .19; Frahm and 
Brown , 1975 ) and .39 (from .25 to .45; Falconer , 1973 ). For Tribolium castaneum, 
the average heritabilities of two replications for larval weight and pupa weight were 
.51 and .68 (Bell and Burris , 1973 ). Bell and Moore (1972 ) found the heritabilities 
of pupa weight , .40 and .52 , in two populations selected directly on pupa weight 
within the lines. Goodwill (1974) reported the heritabilities for pupa weight in three 
populations by three selection methods were .11 , .14 and .15. Berger ( 1977) found 
the realized heritability of pupa weight was .36 and .33 in two lines selected for high 
pupa weight and high family size. Patterson et al. (1983 ) reported the heritabilities 
for pupa weight in different generations were from .23 to .45. 
On the other hand , Lamberson ( 1988) , summarizing from 19 reports , found that 
the average heritabilities of number of pigs born , number born alive and number 
at weaning were .10 (ranged from .01 to .76) , .07 ( .03 to .66 ) and .05 (.01 to .97), 
respectively. These estimates also had large standard errors. Bourdon and Brinks 
(1982 ) reported the heritability of age at first calving in cattle was .07. Smith and 
Brinks (1989 ) also found the heritability of the same trait was .01. The heritability of 
age at puberty in cattle was .10 (Smith and Brinks , 1989). For sheep, the heritability 
of litter size found by Fogarty et al. (1982) was .16. Nagai et al. (1982 ) found 
the heritability of the number of litters raised during lifetime was .12. Krause and 
Bell ( 1972) found the heritabilities of 24-hr egg number ranged from .01 to .79 in 
two different populations of Tribolium. Orozco ( 1976 ) and Orozco and Bell ( 1974a, 
.s 
1974b) pointed out the heritabilities for egg laying were from .22 to .38. Berger (1977) 
reported the realized heritabilities of family size were .11 and .06 in two selection lines. 
Genetic correlation 
The genetic correlation between growt.h and female reproductive fitness is gen-
erally considered to be zero or slightly negative. There are several documents in the 
literature reporting estimates of the genetic correlation for large animals , such as 
swine, cattle and sheep , as well as , for small experimental animals (e.g. mice and 
Tribolium castaneum ). 
Irvin and Swiger ( 1984) reported that there was a negative genetic correlation , 
- .62, between average litter weight and litter size at 21-days in an unselected sample 
of purebred Yorkshire , Hampshire, and Duroc pigs. Similar results reported by Young 
et al. ( 1978) indicated that there were large negative genetic correlations between 
average litter weight and litter size at birth and litter size at weaning , in a line 
selected for increased ovulation rate. Rico and Gomez ( 1982 ) also reported genetic 
correlations of -.45, .04 and - .48 between average weight and litter size at birth , litter 
size at 21-days and litter size at weaning , respectively. These estimates of genetic 
correlations indicate that larger litters were associated with smaller progeny. Young 
et al. (1978 ) also reported the correlations between the average litter weight at bir th , 
at 21-days and at weaning of the litter which the gilt came from and t he size of the 
first litter produced by the gilt . These genetic correlations were all large positive 
numbers , especially, at weaning . This showed that larger gilts tended to have larger 
litter sizes at first litter. By contrast , Ferguson et al. ( 1985) found that there were 
positive genetic correlations , .46 and .61 , between average litter weight and litter size 
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at 21-days and at weaning, but a small negative correlation at birth of - .04 . 
In cattle, age at first calving and age at puberty are used to represent two of the 
most important female reproductive traits, similar to litter size for swine . Bourdon 
and Brinks (1982 ) reported genetic correlations of -.17 and -.22 between age at 
first calving and body weight at birth , and at weaning, in beef cattle selected for 
post weaning daily gain. Smith et al. ( 1989 ) reported negative genetic correlations 
between age at puberty and weaning weight and yearling weight of - .04 and -.14 , 
but there were large positive genetic correlations of 1.61 and 1.32 between age at first 
calving and weaning weight , and yearling weight. In sheep , Fogarty et al. (1982) 
found there was a negative genetic correlation , -.39 , between litter size and the 
average weight of lambs , as well as, a small negative value , - .02 , for the genetic 
correlation between litter size and the average weight at weaning of the ewe. 
Nagai et al. (1982) found a negative genetic correlation , -.35 , between the num-
ber of litters and average 18-days weight (g ) of the litters raised during the lifetime 
in a pooled sample of data from mice selected for milk production and adult weight. 
Thus in mice, females that produced more litters in their lifetime tended to produce 
smaller progeny. For another popular experimental animal , Tribolium castaneum, 
Krause and Bell (1972) reported two very different values in two foundation popula-
tions , the partially dominant autosomal body color mutant black population and the 
recessive autosomal eye color mutant pearl population. They reported estimates of 
genetic correlations between 24-hr egg number and 13-days larval weight of .72 in the 
black and - .77 in the pearl populations. Berger ( 1977) found the genetic correlations 
between pupa weight and family size were -.43 and .03 in two lines under direct 
selection for pupa weight and family size, respectively. 
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Correlated Response 
Because the genetic correlation between growth and female reproduction is usu-
ally small and negative. The correlated response in one trait (e .g. reproduction) to 
direct selection on a second trait (e.g. growth) is variable. The correlated response 
in each group of traits should agree with selection theory, at least for short-time se-
lection experiments (Bell, 1982) . There are , however , other factors in addition to the 
genetic correlation that influence the relationship between the two groups of traits. 
Single trait selection 
Most of the studies investigating the correlated responses of the growth and 
female reproductive traits have used single trait selection. Nelson (1990 ) found the 
correlated response of average daily gain in daughters of dams selected for early 
puberty was larger than the correlated response for high backfat thickness. The 
correlated response of age at first estrus in the line selected for early puberty was 
less than for high backfat thickness. In lines selected for increased weight at birth , 
at weaning and at yearling in cattle , all the correlated responses in gestation length 
were negative (Bourdon and Brinks , 1982 ). Therefore , selection for increased weight 
tends to shorten the length of gestation : Bradford et al. (1980) found that selection 
for increased litter size tended to decrease the phenotypic mean of weight at 6-wk in 
mice. Selection for increased 3 to 6 week gain also decreased the litter size. The same 
results were found by Falconer (1953 ), Rahnefeld et al. (1966 ) and Schddotuler et al. 
(1990 ). But in some cases for mice, the correlated responses offertility or litter size in 
lines selected for body weight and rapid growth rate showed irregular flutuations per 
generation (Bradford , 1971; Falconer , 1973; La Salle et al. , 1974). Eisen et al. (1973) 
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reported that with in line selection for increased gain of body weight would cause 
severe infertility problems after 10 generations in mice. In contrast , it seemed that 
selection for ovulation rate resulted in a positive correlated response in body weight 
(Bradford , 1969 ). Bakker et al. (1978 ) reported there was not any effect of selection 
for increased litter size on body weight. In Tribolium, Kress et al. ( 1971) reported 
that the correlated responses in female sterility to selection for pupa weight were 
polynomial or cubic regression curves per generation . Bell ( 1981 ) reported that egg 
numbers, fertility and progeny numbers in the lines selected on pupa weight increased 
over control lines. Lin and Berger ( 1992) found that selection on family size tended 
to slightly increase the genetic response of pupa weight. 
Two trait selection 
Correlated responses in litter size at birth, at 21-days and at 42-days were be-
tween -.1 pigs per litter per generation and zero in the line of pigs selected simultane-
ously for low growth rate and high backfat (Vangen , 1980 ). Whereas, the correlated 
responses were .037 pigs per litter per generation at birth , -. 053 at 21-days and -
.06.5 at 42-days in another line selected simultaneously for high growth rate and low 
backfat (HP ). Hill et al. ( 1990) reported that the correlated responses in litter size 
of mice to selection on an index of high testis weight and high body weight seemed 
greater than in the control line. In contrast, the response in litter size to index se-
lection on low testis weight and low body weight was smaller than the control line. 
Lin and Berger ( 1992 ) used selection on an index of pupa weight and family size 
to increase pupa weight and family size simultaneously. Bell ( 1982) expressed the 
opinion that selection by using a selection index may be less efficient than direct 
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and correlated responses by single trait selection, because large errors in estimates of 
genetic parameters existed in most cases. 
Multiple Trait Analysis 
Although methodology of multiple trait analysis (MTA ) for mixed model equa-
tions (MME) has been discussed in the late 1970 's (Henderson, 1976; Henderson and 
Quaas , 1976; Schaeffer et al. 1978 ), the application of this methodology in practice 
has been limited by computational requirements. During this decade, especially after 
1984 , there have been more and more applications of multiple trait analysis for esti-
mating (co)variance components and solutions of MME. One of the reasons to use a 
multiple trait analysis is to improve the accuracy of predition through the informa-
tion on correlated traits (Pollak et al. , 1984 ). Mixed model predictors are expected 
to be less biased by selection by using a multiple trait analysis than a single trait 
analysis , because the model includes all information on correlated traits forming the 
basis of selection. This has been confirmed by using simulated data for correlated 
traits (Pollak et al. , 1984; Walter and Mao , 1983 ). They also concluded that multiple 
trait analysis was superior to single trait analysis in evaluating accurate estimates, 
especially with larger selection intensities and higher residual sire correlations. Weller 
( 1985) disagreed with the previous authors when he compared multiple trait analyses 
and single trait first parity analyses of simulated lactation data for dairy cattle. He 
found that the regressions of actual sire effects on estimates by multiple trait analyses 
were similar to those by single trait first parity analyses. 
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Variance components 
Schaeffer et al. ( 1978 ) described a procedure for estimating variance components 
which allowed for different linear models for the different trait s . The procedure is 
based on a maximum likelihood (ML ) procedure requiring all variables to be measured 
on all traits , as introduced by Thompson (1973 ). It is also an iterative version of the 
minimum norm quadratic unbiased estimation procedure (MINQUE ) (Rao , 1971) . 
The procedure was illustrated by using an example to estimate the sire' s variance 
components for yearling weight in beef cattle. 
Henderson (1984) presented an algorithm for MINQUE for estimating the ad-
ditive genetic and environmental (co )variance matrix under a general multiple trait 
model. The algorithm does produce solutions outside the parameter space. Then , 
restricted maximum likelihood ( REML ) and ML algorithms, of the expectation-
maximization (EM ) type , give the guarantee of converging in the parameter space. 
All of these three algorithms can give estimates of the parameters for obtaining un-
biased predictors of breeding values in selection data. 
Meyer (1985) also reported another REML algorithm for estimating vanance 
components in a multiple trait mixed model setting with equal design matrices. 
Meyer continued by publishing a set of FORTRAN programs to estimate variance 
components for single trait animal models by REML using a derivative-free algo-
rithm (DFREML ) (Meyer , 1988 , 1989 ). Groeneveld and Kovac (1990a) found that 
both EM and derivative-free algorithms of multiple trait REML did not guarantee 
the convergence at a global maximum in all data sets. The derivative-free algorithm 
is superior to the EM algorithm to reliably estimate the maximum likelihood function 
of the data. But , the EM algorithm requires less CPU time for computing. 
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Meyer (199 1a) described a new version of her DFREML programs for estimating 
variance components in multiple trait animal models by REML. The programs imple-
ment the derivative-free algorithm: with several additional functions for estimating 
breeding values, restarting the estimation procedure to check for a local maximum , 
continuing estimation to separate the estimation into several steps and so on. She 
made first use of the programs by estimating the (co )variances between reproduction 
and growth of males and females in a herd of experimental Australian beef cattle 
(Meyer, 1991 b ). 
Solutions of mixed model equations 
Henderson and Quaas ( 1976) presented the methods for calculating the best 
linear unbiased predictors (BLUP) of breeding values for multiple traits with het-
erogeneous residual variance matrices and missing records. A numerical example 
for three traits in beef cattle was also given. Pollak and Quaas (1981) applied the 
methods of multiple trait mixed model evaluation to simulated beef data that were se-
quentially selected on weaning weight . They concluded that failure to use all records 
on the trait under direct selection caused a bias in the prediction for the correlated 
traits. The magnitude of the bias was influenced by the intensity of selection and 
the magnitude of the correlation between the selected trait and the correlated trait. 
The higher the correlation or selection intensity, the more evident the bias. Pollak 
et al. ( 1984 ) proved that a multiple trait analysis for obtaining solutions to MME in 
simulated beef data was superior to single trait analysis, because the latter does not 
include all data on which selection decisions were made. 
Groeneveld and Kovac ( 1990b) described a generalized computing procedure for 
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setting up and solving ordinary least squares generalized least squares and mixed 
model equations. The procedure allows for any number of fixed effects, random 
effects , and covariables, multiple trait models , heterogeneous variance matrices and 
missing records. 
Tribolium castaneum 
In companson with Drosophila, m1ce and rabbits, the flour beetle , Tribolium 
castaneum, is a new laboratory model for genetics. Using Tribolium as an animal 
model for quantitative genetics research was initialized in the middle 19.50's (Bell 
and Moore , 19.58 ). They compared three methods of selection; reciprocal recurrent 
selection , within line selection and inbred-hybrids for increasing pupa weight in this 
species. They also had a replication in Drosophila to confirm the selection theory. 
This newer laboratory animal model for quantitative genetics research is not to re-
place others (Bell, 1974). Yamada (1974 ) described the basic biology of the organism 
and characterized the life cycle of this insect including its morphology and develop-
ing time at different development stages. He indicated the advantages of using this 
species as a laboratory animal model are as follow: (1) it is easily raised and cul-
tured in a wide range of conditions provided by a laboratory; (2) it is easily observed 
at any stage of development; and ( 3) the lifetime is long enough (about one year) 
for subsequent repeat mating. On the other hand, the disadvantages are: ( 1) they 
have small chromosomes which make cytological studies of chromosomes difficult; (2) 
cannibalism in larval and adult stages on eggs and pupae is possible; and (3) there 
is sufficient lack of enough knowledge about the physiological aspect of this spicies 
to draw relevance of conclusions to higher animals . Bell (1969) reported the same 
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advantages and disadvantages as mentioned above. Since the first experiment with 
Tribolium for quantitative genetics research , the major purpose of using this insect 
has been focused on long-term selection for weights at different stages , egg or laval 
number , biomass , development time, etc (Bell, 1969, 1974 and 1982). 
There have been a number of reports on growth traits , such as pupa weight and 
larval weight , in Tribolium (Bell , 1981; Bell and Moore. 1958, 1972 ; Enfield , 1972, 
1977; Gall, 1971 ; McNew and Bell, 1976; Medrano and Gall , 197.5; Minvielle and 
Gall , 1980; Patterson et al. , 1983: Scheinberg , 1969 ). Bell (1982) concluded that 
body size of the flour beetle was a very good polygenic trait for studying long-term 
selection responses. Most studies found plateaus in genetic responses were observed 
within 20 to 30 generations. Enfield ( 1977 ) suggested the plateaus were caused by a 
strong negative correlation between pupa weight and reproductive fitness, in terms 
of egg numbers , fertility and progeny numbers , and might be due to both linkage 
and pleiotrophy in the study of 100 generations of selection on 21-days pupa weight. 
Bell 's laboratory was interested in comparing different methods of selection for pupa 
weight , such as reciprocal recurrent selection (RRS ), within line selection (WLS ) and 
inbred-hybrids (Bell and Moore , 1958 , 1972). WLS was apparently superior to the 
other methods. They also reported the correlations between growth and reproductive 
fitness. The correlations were increased over the control line and were positive in the 
first 15 generations in the line selected for pupa weight. In the next 10 generations , 
both lines showed that these correlations became negative and plateaus appeared . 
The major results from three long-term selection experiments on pupa weight were: 
(1) the direction and ultimate limits of long-term responses were unpredictable ; (2) 
the genetic correlation between pupa weight and reproductive fitnes s can change from 
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positive to negative within a few generations of selection; and (3) polygenic mutation 
rates are probably much higher than once thought (Bell, 1981 ). 
Several researchers have studied the reproducti ve fitness of Tribolium (Benyi and 
Gall , 1981; Hawk et al. , 1974 ; Orozco , 1976; Orozco and Bell , 1974a, 1974b ). All of 
these studies considered the effects of environment , especially cultured temperature , 
and genotype-environment interaction on selection for egg laying. They found that 
not only the selection response , but also the heritability of the primary trait , egg 
number , was significantly affected by environment in different generations . Two trait 
selection for growth and reproductive fitness has not been thoroughly investigated. 
Krause ( 1968 ) practiced family selection based on an index of number of offspring and 
mean larval weight , and compared this to single trait selection. Fairfull et al. ( 1977 ) 
added linear and quadratic selection indices to compare different methods of selection 
for increased biomass. Berger (1977) pointed out the current status , problem areas 
and experimental approaches of two-trait selection for pupa weight and family size. 
Orozco et al. ( 1980) compared selection responses from an index of egg number 
and adult weight with the performance of crosses between single trait selection lines. 
Lin and Berger ( 1992) found that index selection on pupa weight and family size, 
which was analyzed by DFREML, could increase the selection responses in both 
traits simultaneously. In most cases , the selection indices were not the most efficient 
methods of selection , as expected theoretically, because of errors in the estimates of 
parameters ( Lin et al. 1979 ). 
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CHAPTER 3. MATERIALS AND METHODS 
Experimental Design 
Flour beetles , Tribolium castaneum, were selected for a growth trait, pupa weight 
(PWT) and a female reproductive t rait, family size (FST, defined as the number of 
animals in a single family). The base population came from 24-hour egg lays from 
stock with a pearl eye mutant gene maintained in the laboratory. All animals in each 
family of this experiment were cultured in a 3/ 4 oz. creamer with standard medium 
(whole wheat flour supplemented with 5 % dried brewer 's yeast) in a controlled 
environmental chamber at 38 ± 1 °C' and 70 ± .5 % relative humidity. The details 
were described by Berger (1977). 
Regular lines 
From this base population, there were four selection lines named by their selec-
tion criteria (see Figure 3.1). In the pupa weight line (PW line), 18 males were mated 
to 54 females in each generation. Each male was mated to three females. Females 
were transferred to fresh media for 24 hr. after mating so that each family developed 
from the number of eggs layed in a 24 hour period. One of the three families in each 
mating group was transferred on three consecutive days (sets) in each generation to 
distribute t he workload in the laboratory. Each family was counted at 19 d; three 
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full-sib male and female pupa from each family were weighed at 19 d. Then , 18 males 
and 54 females with the heaviest 19-day pupa weight (19 d dev. PWT ): 
19 d dev. PWT = P\t\TT - (mean of gen-set-sex) 
were selected to produce the next generation in order to eliminate the effects from 
the three mating groups in each generation . In the family size line (FS line) 54 
males were selected and mated at random to 162 females , one male to three females. 
Females were divided into three sets , as in the PW line. Family size was counted at 
12 d and the 54 largest families were retained for weighing at 19 d. The criterion for 
selection in the FS line was that the 54 largest families were selected for 12 d family 
size (12 d dev. FST ) defined as 
12 d dev. FST = FST - (mean of gen-set ). 
The number of matings in the index line (IN line ) was the same as in FS line; 54 
males were selected and mated at random to 162 females one male to t hree females. 
Family size was counted at 12 d and the 54 highest ranking females , based on an 
index combining both FST and PWT had their families retained for weighing at 
19 d. The index for ranking females was : 
index= .094 (12 d dev. FST ) ..L .0024 (19 d dev. PWT ), 
where .094 and .0024 are the index weights , 12 d dev. FST is the family size and 
19 d dev . PWT is the pupa weight of the female parent producing the family. This 
index was developed to achieve an equal contribution from the two traits , PWT and 
FST , to the aggregate genotype of the index (Berger , 1977 ). The control line ( C 
line ) was maintained by randomly selecting and mating 54 males and 54 females. 
base 
animals 
rl mate 18 0 x 54Q J 
select 18o and 54Q with 
PW line 
highest rank on dev. PWT 
[PWT( 19d )- ( Gen- Set- Sex) J 
'----- keep 3 o ,3 Q in each family 
~ mate 54ox 1629 J 
FS line 
select 54 highest families 
by dev. FST 
[FST( 12d) -( Gen -Set)] 
~ keep 3 o ,3Qin each family 
mate 54ox 162 Qj 
select 54 o and 162Qwith 
IN lin t:: highest ranks on index 
[ .094( dev .FST)+ .0024( dev .PWT) J 
'------ keep 3 o ,3Q in each family 
mate 54 o x 54 Q j 
CN lincrc--+,-----J select 54 0 and Q randomly 
y keep 3 c:),3Q in each family 
Figure 3.1 : Experimental design for regular lines 
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Electronically, calculated sets of random numbers were used to randomize selec-
tion were necessary (i .e. males in the IN, FS and CN lines; females in the CN line) 
and matings in all lines. Inbreeding was minimized as much as possible by avoiding 
all full and half-sib matings. The mating and selection procedures in each of the 
four lines were repeated for 16 generations. Three full-sib males and three females , 
selected randomly from all pupa in a family, were kept from each family at 19 days 
for each line. 
Cross lines 
In generations 4, 8 and 12, four cross lines were produced by matings among 
animals from regular lines (see Figure 3.2). Three extra full-sib females were selected 
at random from all female pupae in each family of regular lines in generations 3, 7 
and 11. Extra females from one regular line were mated to the males selected to 
produce progeny in another regular line. The 18 males from PW line were mated to 
the 54 extra females in the FS line to produce the PFX cross line (i.e. the first and 
second letters designating cross lines identify the cri teria of selection for male and 
female parents , respectively). An overall description of the complete design of this 
experiment is given to establish a point of reference for future research , however , an 
analysis of the cross line data is not included in this thesis. The .54 males from the FS 
line were mated to the 162 extra females in the PW line to obtain the FPX cross line. 
For the ICX cross line, the animals were produced by mating the .54 males from IN 
line and the 162 extra females from CN line. The CIX line was developed by mating 
the 54 males from CN line and the 54 extra females from IN line. The other steps in 
PFX, FPX, ICX and CIX lines (e .g. number of matings and number of animals with 
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records) , were the same as in regular PW, FS , IN and CN lines, respectively. 
The same experimental design and base population were used to conduct a sec-
ond replication, study 2. The first replication as described above is named study 1. 
Data 
In the first replication , study 1, there is a single primary trait , pupa weight , and 
a secondary trait , reproductive fitness, determined by family size. Pupa weight was 
measured on all animals. Family size , however , was a trait of the females producing 
families, having a genetic component transmitted by males as well as females. Because 
three males and three females were kept from each family in each generation, the 
numbers of animals with records for PWT in a single generation should be 324 in all 
the regular and cross lines (see Table 3.1 ). In generation 9, however , there was an 
unusually large number of infertile matings. Therefore, the number of animals in the 
four regular lines was smaller than in other generations. After this generation, the 
number of animals in the PW line decreased through the later generations because 
family sizes were too small to find three male and female pupae. The number of 
animals in the other three lines after generation 9 was not affected. In order to 
produce cross lines, three extra full-sib females were kept from each family of the 
four regular lines in generations 3, 7 and 11. Thus, the numbers of animals with 
records in these generations were about 1.5 times more than in the other generations. 
The numbers of animals with records involved in the analyses for PWT are about 
2 times more than for FST in FS and IN lines. Because FST is a female reproductive 
trait, only females had records. All three females kept in each family of FS and IN 
lines produced progeny for the next generation so they all had records for FST. In 
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In generations 4, 8, 12 
mate 18 o from 
-
PW line to~ gen . 3,7,11 
PFX line - 54 9 from FS line 
- keep 3 o ,3 9 in each family 
FPX line 
mate 54 o from FS line to 
,----- ~g 
- 162 9 from PW line 
en. 3 ,7 ,11 
'--- keep 3 0 ,3 9 in each family 
rex line 
mate 54 0 from IN line to - ~g 
- 162 9 from CN line 
en. 3 ,7 ,11 
- keep 3 0 ,3 9 in each family 
CIX line 
mate 54 o from CN line to 
,----- ~g 
- 54 9 from IN line 
en. 3 ,7 ,11 
'--- keep 3 o ,3 9 in each family 
Figure 3 .2: Ex p eriment al design for cross lines 
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PW and CN lines , only those females selected as parents for next generation produced 
progeny. The numbers of animals with records for FST was about one sixth of those 
for PWT. Several females in generation 9 were infertile or died before mating so the 
records for FST of their dams in generation 8 were not available. For this reason, the 
numbers of records for FST are less in generation 8, but the numbers of records for 
PWT were less in generation 9. Moreover , there were no records for FST in the last 
generation , as well as in the cross lines, because these animals were not mated. 
In the second replication, study 2, there were fewer infertile animals after genera-
tion 9 than in study 1. The PW line still had more animals that died or wereinfertile 
than in the other lines. In general , the numbers of animals with records for both 
traits were similar in the two replications. 
Methods of Analysis 
Estimates of genetic parameters and responses in regular lines of both replica-
tions required the application of different methods and genetic models. Both single 
trait analysis (STA, univariate ) and multiple trait analysis (MTA , bivariate) were 
applied to analyze the data from a single regular line ( PW, FS , IN or CN line) . 
Single trait analysis (STA) 
DFREML Vl.O is a derivative-free approach for estimating variance components 
by restricted maximum likelihood for a single trait animal model with several random 
effects (Meyer, 1988). These effects might include additive direct genetic , additive 
maternal genetic, uncorrelated permanent environmental effects , as well as , the ge-
netic covariance between additive direct genetic and materal genetic effects. The 
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Table 3.1: Number of animals with records for PWT and FST in study 1 
Line I PW FS IN c~ PFX FPX ICX CIX 
Gen. 
0 1296 
(54)a. (3 11 ) ( 311) (54) 
1 324 323 323 324 
(.54 ) (151) ( 1.52) (54) 
2 323 324 323 324 
(54) ( 1.56) (149 ) (.54) 
3 481 48.5 484 482 
(54) (3 11 ) (290) (.54) 
4 324 324 323 324 324 323 315 323 
(54) (156) (151) (54) 
.5 324 324 323 323 
(54) (155) (146) (54) 
6 323 324 324 324 
(54) (160) (153 ) (54) 
7 479 48.5 482 484 
(54) (287) (285) (54) 
8 324 324 323 323 324 281 313 323 . 
(25) (47) (.52) (37) 
9 140 270 283 218 
(54) (130) (130 ) (54) 
10 304 324 324 324 
(54) (160) (142) (54) 
11 410 485 484 478 
(52) (246) (274) (54) 
12 266 324 323 323 209 210 309 323 
(45) (133) (139) (.54) 
13 215 324 324 324 
(44) (138) (145) (54) 
14 211 324 323 324 
(41) (154) (157) (54) 
15 182 324 323 324 
(24) (135) (129) (54) 
16 91 324 323 323 
Total 6017 6908 6908 6841 857 814 937 969 
(771) (2830) (2805 ) (847) 
a Number of animals with records for FST is in parenthesis. 
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Table 3.2: Number of animals with records for PWT and FST in study 2 
Line PW FS IN CN PFX FPX ICX CIX 
Gen. 
0 1292 
(.54 )a (346) (346) (.54) 
1 325 323 32.5 324 
(53) (133) (135 ) (54) 
2 309 324 324 324 
(54) (14.5 ) (146) (.54) 
3 324 324 324 324 
(.54) (136) (122 ) (.54) 
4 484 486 486 480 314 250 324 312 
(.54) (243) (275) (54) 
5 324 324 324 324 
(.54) (120 ) (126) (54) 
6 324 324 324 324 
(54) (129 ) (152) (.54) 
7 4.59 481 486 48.5 
(.54) (259) (226) (.54) 
8 320 324 324 324 312 279 289 324 
(S O) (136 ) (142 ) (.54) 
9 269 324 324 324 
(54) (137 ) (143) (54) 
10 314 324 324 324 
(48) (146) (146 ) (.54) 
11 342 486 483 480 
(5 1) (258) (288) (54) 
12 287 324 324 324 318 233 321 324 
(28) (136 ) (146 ) (.54) 
13 148 319 324 324 
(SO) (144) (156) (.54) 
14 283 324 324 324 
(50) (149) (137) (.54) 
15 272 324 324 324 
(SO) (154) (147) (54) 
16 277 324 324 324 
Total 6353 6951 6960 6849 8.57 814 937 969 
(8 12 ) (2771) (2833) (864) 
a Number of animals with records for FST is in parenthesis. 
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general mixed model in DFREML Vl.O describing the records for each animals is: 
y = Xb - Zu + e 
where y = the vector of observations, 
b = the vector of F fixed effects , 
X = the N x NF incidence matrix for fixed effects, 
u = the vector of NR random effects , 
Z = t he N x NR incidence matrix for random effects, and 
e = the vector of N random residual errors . 
Assume: 
y "' N( Xb , V ), 
V( u ) = G , V(e) = Rand Cov( u , e1) = 0 
which gives 
V(y) = ZGZ1 + R. 
From model (3 .1 ), the mixed model equations (MME) are (Henderson , 1973 ): 
or more simply, 
x'R- 1z 
z'R- 1z + G- 1 
c 
which assumes C is not of full rank. 
F 




log L = - 1/ 2[const. log JVJ + log JX*'v- 1 X*J, (y - Xb)'V- 1(y- Xb )] 
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where X* (of order N x NF) is a fullrank submatrix of X (Harville , 1977). An 
equivalent expression for the log likelihood derived by Meyer ( 1989 ) from matrix 
equalities given by Harville (1977 ) and Searle (1979) and used in DFREML Vl.O is 
- 2log L = k + log IRI + log IGI + log JC*I + y'Py (3.3) 
where L is the likelihood function, 
log I · I are the log determinants of the respective matrices for R (residual 
vari ance) , G (additive genetic variance ) and C* (the coefficient matrix 
in the equation 3.2 with X replaced by X *), 
k is a constant , and 
P = v - 1 - v-1x*(x *'v-1x*)-1x*'v-1. 
The Simplex method of Nelder and Mead ( 1965 ) was used to locate the maximum of 
the likelihood function - 2log L in REML. 
To reduce the computational demand of DFREML , a sparse matrix package, 
SPARSPAK (Chu et al. , 1985 ), was connected with DFREML Vl.O by Boldman 
(1991) and used to solve the large , sparse system of the linear equations (3.2) which 
were generated by DFREML Vl.O. SPARSPAK reorders the matrix sent from 
DFREML Vl.O to minimize the fill-ins and performs a Cholesky decomposition: 
c* = LL1 : C*F = r- LL1F = r 
where L is the Cholesky factor. 
The procedure of solving equations in SPARSPAK for DFREML Vl.O is: 
1. Supply the nonzero structure of C* to SPARSPAK. 
2. SPARSPAK reorders the original problem. 
3. Supply MME with current variance ratio to SPARSPAK. 
4. SPARSPAK performs Cholesky decomposition: 
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c* = LL' to log IC* J. 
5. SPARSPAK computes the F with CTr 
6. Evaluate L = f( JC* I, CT~ ). 
7. Determine the next variance ratio to try and go to step 3 to continue. 
This procedure was continued to estimate the variance components and solve the 
equations until the variance of estimates of the log likelihood was less than the con-
vergence value (10-9 ). This convergence criterion was suggested by Meyer (1989) for 
the Simplex method to find the minimum of -2log L. Experience with the procedure 
so far showed that estimates would change very little when convergence value is less 
than 10-6 . 
Multi ple trait analysis (MT A) 
A bivariate DFREML (DFREML V2.0 ) procedure was used to estimate the 
(co)variance components for both traits at the same time (Meyer , 1991). The main 
features of this software are very similar to the previous version, DFRE 11 Vl.O, 
with additional provisions for consideration of multiple traits. Thus , the general 
model, MME and log likelihood are the same as in equations ( 3.1 ), ( 3.2) and (3 .3 ), 
respectively. The only differences between STA and MTA are the structure of R 
and G , as well as , their log likelihood functions. Of course , Y was changed to a 
multivariate normal distribution for MTA. 
Let E be the symmetric residual covariance matrix between the two traits with 
elements eij ( i :::; j = 1, 2) and T be the rq x rq matrix of covariances between 
random effects with elements t ij , where r denotes the number of random effects in 
the animal models which are different from the residual error and q is the number 
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of traits (q = 2 in thi s case). The residual covariance matrix is block diagonal for 
animals: 
ND 
R = L EB R i 
i= l 
( 3.4 ) 
where N D is the number of animals with records , and 
2; EB denotes the direct matrix sum. 
Since q = 2, there are 2q - 1 = 3 possible combinations of traits for animals. Thus, 
3 
log IR I = L !Vw log lE w I ( 3.5) 
w= l 
where w is the combination of traits, 
N w is the number of animals with records for the combination of trait w, and 
E w is the submatrix of E excluding rows and columns with missing data. 
For G , take the simplest model with only one random effect, direct additive ge-· 
netic effects. The Tis 2 x 2 matrix containing only the additive genetic (co )variances. 
Thus , 
( 3.6) 
log IG I = N A log IT I + 2 log IA I ( 3.7 ) 
where A. is the numerator relationship matrix , ® denotes the direct matrix product 
and i\f A is the total number of animals. If an uncorrelated random effect is involved in 
the model, T can be partitioned into two diagonal blocks , T A (for the additive direct 
genetic effects) and T c (for the uncorrelated random effect). For this experiment: 
G = Diag{A ® T.4 ; I ® T c} (3 .8) 
log IG I = N A log IT A I + NC log I T el + 2(log lA I + log II I) (3 .9) 
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where NC' is the number of levels for the uncorrelated random effect. 
After estimates of the (co )variance components were obtained from DFREML 
V2.0 , another program, PEST (Groeneveld and Kovac , 1990a), was used to calculate 
solutions for the MME. PEST is a package to set up and solve MME for multiple 
traits, heterogeneous variances, missing data , covariables and different incidence ma-
trices. The procedure in PEST is: 
1. Set up the numerator relationship matrix. 
2. Set up the MME. 
3. Solve the MME by: 
a. Iteration on coefficient matrix (IO C) for fixed effects. 
b. Iteration on data (IOD ) for uncorrelated random effects . 
c. Pure Gauss-Seidel iteration on data (IOD _GS) for direct 
additive genetic effects. 
Through t he development of the STA and MTA procedures used in the analysis 
of this data there appeared to be an increase in the phenotypic variance for PWT 
associated with an increase in mean performance across generations , particularly in 
the PW line. A transformation of scale was investigated to see if it would equalize 
the estimates of the phenotypic variance across lines. Both the PWT and FST 
were t ransformed to natural logarithms and later the data were analyzed by using a 
natural logarithm transformation for the PWT and a square root transformation for 
the FST. Neither of these two transformations may be optimal for these experimental 
populations , but they should provide a first look at the potential improvement by 
any one of a large class of transformation. 
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Models 
In this experiment, the fixed effects and the random effects that influence PWT 
and FST are different. The animal models for the two traits were applied to obtain 
estimates of genetic parameters and genetic responses in each line. This section is 
also dividen into two parts, STA and MTA , to make it clearer. 
Single trait analysis (STA) 
The model for PWT in STA assumed that the trait was influenced by fixed 
effects , such as mating set , sex, and several random effects including uncorrelated 
permanent environmental (family ), additive maternal genetic (maternal) and addi-
tive direct genetic (animal ) effects. The family effect was clue to the practice of 
culturing the whole family in the same bottle for the first 19 days . Although Tri-
bolium castaneum is not a mammal, the maternal effect may be due to genetically 
transmitted effects for sexual maturity associated with pupa weight at 19 d. The 
model is shown below by using capital letters for fixed effects and lowercase letters 
for random effects: 
where Yij kln = the observation for PWT on the n-th animal , 
GS i = the i-th mating set of birth for the nth animal , 
SEXj = the j-th sex. 
ck = the permanent environmental effect of the k-th family, 
(permanent environmental effect ), 
mz = the maternal effect of the 1-th female , 
(3 .10) 
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an = the animal effect of the n-th animal , and 
ei jkln = random residual. 
The total variance for the vector of observations for this model is: 
where I = the identity matrix, and 
A = the numerator relationship mat rix. 
If the maternal effect in the ptevious model (3. 10 ) is deleted, the second model 
for PWT in STA would be: 
(3 .11 ) 
where the facto rs are the same as defined above for model (3. 10 ). The total variance 
for the vector of observations for this model is: 
The model for FST in STA included factors for mating set, as fixed, and additive 
direct genetic effects, as random. The model below is the simplest one in DFREML 
Vl.O: 
(3 .1 2) 
where Yin = the observation for FST on the n-th animal, 
GS i = the i-th mating set of bir t h for the n-th animal , 
an = the animal effect of the n- th animal, and 
e·in = random residual. 
The total variance for the vector of observations for this model is: 
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Multiple trait analysis (MTA) 
The computational demands for multiple trait analyses are much greater than 
single trait analyses. The size of incidence matrices and the number of (co }variance 
components estimated might be up to 2q- 1 times more in MTA than in STA , where q 
is equal to the number of traits involved in MTA. Therefore , models 3.11 for PWT and 
3.12 for FST were combined to estimate genetic parameters in a multivariate setting. 
Fitting model 3.10 in MTA required more memory than that which was available for 
this research. The same models (3.11 ) for PWT and (3.12 ) for FST were involved 
in MTA for both the untransformed(for study 1 and 2) and transformed(only for 
study 1) data. Then , the total variance for the vector of observations for this model 
is partitioned into: 
2 ArJa 0 0 Ar7apw pw,js 
ArJa 2 0 0 [ Ia~pw lrJe l G= pw,js ArJa f s and R = pw,js 2 lrJe 2 0 0 l rJ cpw 0 pw,js lrJe fs 
0 0 0 0 
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CHAPTER 4. RESULTS AND DISCUSSION 
Genetic Parameters 
In the first replication, study 1, the variance components and genetic parameters 
were estimated by both single trait analysis (STA ) and multiple trait analysis (MTA ) 
with different models. Estimates of the variance components and genetic parameters 
for pupa weight trait (PWT) by using STA and model 3.10 are given in Table 4.1. 
Recall this model included additive direct genetic (animal) , additive maternal genetic 
(maternal), and permanent environmental (family) random effects; also defined as· 
model 8 in DFREML (Meyer , 1989 ). The additive direct genetic , additive maternal 
genetic, error and total variances have the largest values in PW line and different 
smaller values in the other lines. The permanent environmental variances were similar 
i covariances between animal and maternal effects were very different among the lines , 
they were all smaller in comparison to th~ additive direct genetic variances . The m2 's 
(i.e. , the ratios of maternal variance to phenotypic variance ) were also less than .03 
in each of the four selection lines. This suggests that the additive maternal genetic 
effects in the population of Tribo lium was very small . Therefore , we removed the 
maternal effects from the models for the following analyses. 
Table 4.2 gives the estimates of variance components and genetic parameters 
for PWT by STA with model 3.11. This model included only animal and family 
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Table 4.1: Estimates of variance components and genetic parameters for PWT with 
model 3.10 in study 1 by STA without t ransformation 
Line PW FS IN CN 
Var.comp. 
Additive 33700.8 30925.3 19417.3 23354.2 
Maternal 2990.7 1499.7 413.2 0.0 
Cov(a,m) 4812.5 - 348.4 -4.9 -13.9 
Per.env. 4808.3 5192.1 6438.1 4856.5 
Error 64014.8 34400.7 45108.0 22988 .1 
Pheno. 110327 .2 71669.6 71371.7 51184.9 
Parameter 
h2 .3055 .4315 .2721 .4563 
m2a .0271 .0209 .0058 .0000 
Corr( a ,m)6 .4794 - .0049 -.0017 - .9981 
c2c .0436 .0724 .0902 .0949 
a m2 = maternal variance I pheno. variance. 
b Corr( a ,m ) = correlation between animal and maternal effects. 
c c2 = per. env. variance 1 pheno. variance. 
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effects; also defined as model 2 m Meyer 's DFREML . Both models 3.10 and 3.11 
gave surprisingly similar results. The largest variances for all random effects were in 
PW line. The composition of the phenotypic variance in each line , however , seems 
very different. Even in FS and I lines , where the total phenotypic variances were 
quite similar , other components were still different. Heritability estimates in FS and 
CN lines were more similar than in the other two lines. Other studies have reported 
heritability estimates for pupa weight from .11 to .69 (Bell and Burris, 1973; Bell 
and Moore, 1972; Berger, 1977; Goodwill, 1974; Patterson et al. , 1983 ). The family 
variance , expressed as a proportion of the total phenotypic variance , c2' was not 
more than .10 in each line and was more consistant across all lines than the other 
variances. Although there were different selection criteria for the animals in each of 
the four lines , the permanent environmental effects still were similar amounts in the 
total phenotypic variance in each line. 
FST was analyzed by a much simpler model. Estimates from model 3.12 are 
given in Table 4.3. The additive direct genetic , error and total variances were slightly 
larger in IN line than the other lines. In general , the heritability estimates and the 
composition of the total phenotypic variance in FS and IN lines were very similar for 
this female reproductive trait. In part , this may be a result of the design of the exper-
iment. All females had records for the FST in both FS and L lines. Whereas, only 
one-third of the females had records for the FST in PW and CN lines. These were 
dams of the next generation selected by criterion that did not include direct informa-
tion on the FST in PW line and at random in the CN line. Estimates of heritability 
for the FST ranged from .09 in PW line to .20 in the CN line. Althought Orozco 
and Bell ( 1974 ) found the heritabilities for egg laying in three different environments 
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were from .22 to .37 , Krause and Bell ( 1972) reported the average heritability for 
egg number was .10 in the pearl eye color mutant population , which is the same as 
the population used in this experiment. The latter also reported the heritability for 
larval number in the population was .1 2. Actually, there are few st udies in Tribolium 
focusing on the FST. 
Model 3.11 for the PWT and model 3.12 for the FST were combined to estimate 
the variance components and genetic parameters by MTA in study 1. Estimates from 
the MTA are given in Table 4.4. Obviously, the MTA is a more comprehensive model 
to study the underlying association between the PWT and FST, because it makes 
it possible to estimate the covariances between the two traits for both the additive 
direct genetic and error effects in the model. The variances for animal, family, error 
and t he total phenotypic variances from MTA are very similar to the estimates from 
STA for both traits. Restricted maximum likelihood (REML) procedures for estimat-
ing variance components with single t rait mixed model are generally considered to be 
unaffected by selection ( Gianola and Fernando , 1986 ). The model must include all 
data on which selection is based, however, to properly account for selection. There-
fore, one should expect to find a high degree of similarity between estimates from 
STA and MTA for the PWT in PW line, the FST in the FS line and both traits in 
CN line. There is insufficient theory to explain why there was also so much similarity 
in the estimates from both STA and MTA for the complementary trait in PW line 
(FST), the FS line (PWT) and both the PWT and FST in IN line. Meyer (1991a) 
also recommended the variance components from single t rait DFREML be used as 
the starting values for estimates of variance components in multiple trait DFREML. 
The major difference between estimates in Table 4.4 from MTA, and Tables 4.2 and 
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Table 4.2: Estimates of variance components and genetic parameters for PWT with 
model 3.11 in study 1 by STA without transformation 
Line PW FS IN CN 
Var.comp. 
Additive 41035.4 31263.2 19633 .5 23307 .3 
Per.env. 7078 .8 5963.4 6662 .1 4859 .3 
Error 60700 .5 34267.6 4.501 5.3 23009 .9 
Pheno. 1088 14.6 71494 .1 71310.9 51176.6 
Parameter I 
h2 .3771 .4373 .2753 .4.5.54 
c2 .0651 .0834 .0934 .0950 
Table 4.3: Estimates of variance components and genetic parameters for FST in 
study 1 by STA without transformation 
Line PW FS IN CN 
Var.comp. 
Additive 4.67 7.1 2 8.08 7.73 
Error 49 .05 .52 .81 56 .06 30.37 
Pheno. 53 .72 59 .92 64.14 38 .09 
~;rameter I 
.0869 .1187 .1259 .2028 
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4.3 from STA, is the estimates of the covariances between the PWT and FST. The 
additive direct genetic covariance in PW line was a large negative value, -1.54 .76, 
suggesting a strong negative genetic association between the two traits in PW line. 
The error covariance in this line was positive , 102.03 , resulting in an error correlation 
of .06. Therefore , the main relationship between the two traits is through the genetic 
pathway, and not from the environment. The other three lines have positive values 
for both of these covariances. These covariances and correlations were similar in FS 
and IN lines. For CN line, the additive direct genetic covariance was smallest among 
the lines and the error correlation of .05 was similar to the estimate of .06 in PW 
line. 
Estimates of the variance components and genetic parameters for PWT and FST 
in study 1 were very different among the four lines. Each line originated from the same 
base population , but the criterion of selection was different. There is no reasonable 
explanation for the seemingly different estimates in the covariances between the PWT 
and FST , particularly in PW line compared with the other lines. The estimates 
may be indicative of true biological effects . The DFREML procedure for estimating 
variance components has not been used in other populations of Tribolium under 
selection. Of course, this does not preclude the possibility of other unknown factors 
not addressed by the model. The design of the experiment permitted a different 
pattern of animals with records in each line. A large number of animals also were 
infertile or died in generation 9 in study 1, especially in PW line. Fewer records for 
the FST in PW and CN lines because of the selection criteria and / or the sudden 
lose of animals in generation 9 because of infertility, may have changed the variances. 
But, models to account for a change in the vairances for one or both of these reasons 
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Table 4.4: Estimates of variance components and genetic parameters for both t rai ts 
in study 1 by MTA without transformation 
Line PW FS IN CN 
Trait PWT FST PWT FST PWT FST PWT FST 
Var.comp . 
Additive 40706.5 4.93 31271.8 6.91 19297.3 8.93 234 77.6 7.80 
Add .cov . -154 .76 59.11 48.20 31.67 
Per.env. 7180 .6 -- .5932 .7 -- 6402 .2 -- 4 777.4 --
Error 60828 .1 48 .84 34712.2 .53 .17 45028 .3 55.11 23059 .6 30.23 
Err .cov. 102.03 39.70 60.69 42 .71 
Pheno. 108715.2 .53.77 71916 .8 60 .08 70727.7 64.04 .51314.6 38.03 
Phe.cov. - .52.73 98.81 108.88 74 .39 
Parameter 
h2 .3744 .0917 .4348 .11.50 .2728 .1394 .4.5 7 .s .2051 
Genet .corr. - .3455 .1272 .1161 .0740 
c2 .0660 -- .0825 -- .0905 -- .0931 --
Err. corr. .0592 .0292 .0385 .0512 
P he no. corr. -.0218 .0475 .0.512 .0532 
are considerably more complicated . 
Fortunately, the experiment was replicated. Study 2 was conducted using the 
same experimental design and raising conditions as study 1. The PWT was not 
analyzed by using model 3.10 in study 2, because the analyses in study 1 indicated 
that models 3.10 and 3.11 gave similar estimates for the variance components and 
genetic parameters. 
Estimates of the variance components and genetic parameters for the PWT and 
FST by STA are given in Tables 4 .. 5 and 4.6. The variance components in PW 
line were greater than those in the other lines, except for the additive direct genetic 
variance. Thus, the heritability of PWT in PW line of .20 was much less than in the 
other lines (i.e .. 46 in FS line, .34 in IN line and .40 in CN line). The permanent 
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environmental variance in PW line was almost two times larger than in the other lines . 
It seems that the results suggest there is a genotype-environment interaction. When 
the line was selected for increased PWT , the animals in the same family (cultured 
in the same bottle ) would live in a higher competition for food. The cannibalism at 
different stages of development in this insect might be higher under this condition 
(Yamada, 1974). In contrast , the additive direct genetic variance for PWT in FS 
line was the highest of all lines and its permanent environmental variance was the 
smallest among the four lines. Theoretically, the genetic responses for the FST in FS 
line should be higher than in the other lines , because selection was directly focused 
on the FST. But , more individuals of a family lived in the same bottle , shared the 
same amount of food , so the competition among the individuals would be higher. 
Therefore , the genetic and environmental effects on the PWT in FS line might be 
confounded. The variances and parameters in IN and CN lines were more similar. 
Estimates of variance components and genetic parameters for the FST have the 
largest value for the additive direct genetic effect and the smallest for the error term in 
CN line. Therefore, the heritability estimate for the FST in CN line , .2681 , was much 
higher than in the other lines. There is no apparent explanation for this situation. 
The additive direct genetic variance for the FST in FS line was the smallest among the 
four lines. As discussed earlier, this might be due to an interaction between genetic 
and environmental effects similar to those found by Hawk et al. (1974), Orozco (1974, 
1976) and Orozco and Bell ( 1974 ). Althought the environmental effect mentioned 
in the report s was temperature , the limits of food and space are more sensitive for 
animals. Generally, the estimates of the variance components and genetic parameters 
for the FST in both st udy 1 and 2 were more similar across all lines than for the 
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PWT. 
Estimates of the variance components for study 2 from the MTA are g1ven m 
Table 4.7. As in study 1, the estimates of variances for both traits were similar from 
the MTA and STA. This is because REML accounts for seletion under some conditions 
when all the records are included in the analysis , such as PWT in this case. The 
heritability estimates for both traits and C2 estimates for the PWT by MTA were also 
similar to those from STA. The covariances between the two traits were very different 
among the four lines. The additive direct genetic covariances were negative in PW 
and FS lines , and positive in IN and CN lines. The error covariances between the two 
traits were a large negative number in PW line and different positive numbers in the 
other three lines. The phenotypic covariances were negative in PW line and positive 
in the other lines. The correlations followed the trend of the covariances. Krause 
and Bell (1972) and Berger (1977 ) found the genetic correlations fluctuated between 
positive and negative values . This might be due to the interaction of genotype and 
environment , different selection criteria, or confounding of the two phenomena. 
The results from the two replications , study 1 and 2, suggest RElVIL procedure 
accounts for selection in this case because the variance components and genetic pa-
rameters estimated by STA are almost the same as those estimated by MTA. More-
over , the single trait DFREML includes all relationships among animals, as does 
multiple trait DFREML. The accuracy of estimates of variance components in STA 
and MTA should not be very different in our two replications. The total phenotypic 
variances and error variances were largest in PW line in both studies , but the additive 
direct genetic variances were remarkedly different. The additive direct genetic vari-
ance in FS line was greater than in IN line , but the error variances were smaller in FS 
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Table 4.5: Estimates of variance components and genetic parameters for PWT in 
study 2 by STA without transformation 
Line PW FS IN CN 
Var.comp . 
Additive 15360.4 22607.4 18865 .2 20505.6 
Per.env. 12323.4 6512.9 6.551. 7 6961.3 
Error 48986.9 19965.0 29573.2 23713 .3 
Pheno. 76670.7 49085 .3 54990.0 .5ll80.2 
Parameter 
h2 .2003 .4606 .3431 .4007 
c2 .1607 .1327 .ll91 .1360 
Table 4.6: Estimates of variance components and genetic parameters for FST in 
study 2 by STA without transformation 
Line PW FS IN CN 
Var.comp. 
Additive 6.92 .5.01 8.03 10.00 
Error 59.38 60 .95 65.71 27.29 
Pheno. 66.30 65.96 73.74 37.29 
Parameter 
h2 .1043 .0759 .1089 .2681 
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line than in IN line. One of the interesting results is that the variance components in 
CN lines for both studies are similar, especially the total phenotypic variances. The 
two replications were from the same base population and had the same experimental 
design . The control lines without any selection over the sixteen generations should 
provide estimates of the variance components and genetic parameters of the base 
population. Therefore , the lines under direct selection for one trait or both traits 
had some genetic responses over the sixteen generations . The heritability estimates 
among the four lines in the two studies also point this out. Unknown biological factors 
and / or a genotype-environment interation might be causing a change in the variances 
among the lines in each st udy. The MTA enabled us to use a more complete model 
to study the association between the PWT and the FST. The change in estimates of 
the correlations , both genetic and environmental, between the two traits in MTA also 
indicates the presence of unknown effects resulting from the selection procedures . 
After the comparison between estimates of variance components and genetic 
parameters from the two studies , there was a question raised about inbreeding . Al-
though the experimental design and mating procedure avoided close inbreeding, the 
inbreeding coefficient might be increasing because of selection. The selection inten-
sity in PW line was higher than in FS or IN lines , because 18 males and 54 females in 
each generation were selected in PW line, but only 54 families were selected from 162 
in FS and IN lines. The DFREML program also calculates the average inbreeding 
coefficients for all the animals included in the analysis and for only inbred animals 
(Tables 4.8 and 4.9). The number of animals, the number of inbred animals and the 
average inbreeding coefficients were similar for the PWT in each line of both studies. 
The PW line had the highest average coefficient of inbreeding and the CN line the 
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Table 4.7: Estimates of variance components and genetic parameters for both t raits 
in study 2 by MTA without transformation 
Line PW FS IN CN 
Trait PWT FST PWT FST PWT FST PWT FST 
Var.comp . 
Additive 1.531 8.0 7.41 22800.4 4.83 19068.0 7.6.5 20398.1 9 . .58 
Add .cov . - 65.58 -31.73 87.87 136.61 
Per.env. 123.53 .0 -- 6366.4 -- 6.503 .3 -- 6937 .8 --
Error 49028.2 59.36 199.59.6 61.19 29.50 8.1 66.04 2377 .2 26.89 
Err.cov. - 17.5.08 172.15 47 .23 38 .1.5 
Pheno. 76699.1 66.77 49126 .3 66.02 55079 .4 73.70 .51 114.1 36.47 
Phe.cov. - 240.65 140.42 I 135.10 174.76 
Parameter 
h 2 .1997 .1109 .4641 .0732 .3462 .1038 .399 1 .2628 
Genet. corr. - .1947 -. 09.56 .2300 .3090 
c 2 .1611 -- .1296 -- .1181 -- .1357 --
Err. corr . - .1026 .1558 .0338 .0477 
Pheno.corr. - .1063 .0780 .0671 .1280 
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smallest. This general pattern of inbreeding was similar for animals with records 
for the FST. In study 1 and 2, the average inbreeding coefficient of all animals and 
the inbred animals for both traits in each line were similar , although the numbers of 
animals varied. The average inbreeding coefficient was not particularly high in either 
of the two traits. Besides , the average inbreeding coefficients shown in Tables 4.8 and 
4.9 were not large enough to cause serious effects because of inbreeding depression . 
In general , inbreeding was not an important factor influencing the performance of 
animals between and within lines in each study. Slightly over one-half of the animals 
in any line were inbred to any degree. If an animal was inbred , the coefficient of 
inbreeding never exceeded 25 %. The relationship matrix, which is an integral part of 
the animal model used in this research , properly accounts for the dispersion of addi-
tive genetic breeding values or the variance of additive direct genetic effects , whether 
the animals are inbred or not (Kennedy et al. , 1988) . 
The base animals and animals in the first four generations in study 1 were used 
to estimate the variance components and genetic parameters in the base population 
before there were large changes in the performance of animals due to the accumu-
lating effects of selection. The purpose of this analysis was to establish estimates of 
the variance components and genetic parameters in the base population of study 1. 
If the combination of animal models and REML properly accounts for selection, as 
they should from a theoretical perspective (Kennedy et al. , 1988; Gianola and Fer-
nando 1986) , then the estimates from the first four generations in each line should 
be identically equivalent and representative of the parameters in the base population 
(i.e. all animals in each line were related to animals in the base population). If there 
are still large differences among the estimates from individual lines, however , this 
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Table 4.8: Number of animals and average inbreeding coefficient of 
the animals in the analysis of PWT for study 1 and 2 
Line PW 
Study all a inb.6 
1 
2 
no. c 6161 3791 
coeff.d 1.04 1.07 
no. 6.528 4143 
coeff. 1.05 1.08 
a All the ammals mvolved. 
b The inbred animals . 






d Average inbreeding coefficient . 
FS I IN CN 
in b. all in b. all in b. 
4480 7051 4600 6985 4362 
1.05 1.04 1.0.5 1.02 1.03 
4571 7131 4642 7125 4672 
1.0.5 1.03 1.0.5 1.02 1.04 
Table 4.9: Number of animals and average inbreeding coefficient of 
the animals in the analysis of FST for study 1 and 2 
Line PW 
Study all a inb. 6 
1 
2 
no .c 114.5 79.5 
coeff.d 1.05 1.07 
no. 1207 838 
coeff. 1.05 1.07 
a All the ammals mvolved . 








d Average inbreeding coefficient. 
IN CN 
inb. all in b. all in b. 
2321 3511 2404 165.5 1105 
1.04 1.04 1.0.5 1.02 1.03 
2361 3580 245.5 1645 11.59 
1.05 1.03 1.05 1.02 1.03 
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may be an indication of the need for further research to explain the cause for these 
changes in the estimates. The results are given in Table 4.10. The estimates of the 
variance components from each line were similar , except for those in PW line. The 
different variances in PW line might be indicative of a local maximum , rather than a 
global maximum, of the log likelihood function. At this point, we have very limited 
knowledge about the shape of the likehood surface (Meyer , 199la). The method 
used to search for a maximum of the log likelihood function in DFREML was not in 
the scope of this research. Estimates of the parameters from four generations were 
more similar across all lines than the estimates from sixteen generations . In general, 
however , there are still some unknown factors generated during the early phases of 
selection in this experiment, that cannot be accounted for by the animal model or 
the DFREML procedure . It might be inferred that the unknown factor giving rise 
to different estimates for the variance in each line was not a biological response. 
There were large changes in the mean performance per generation, because of selec-
tion. Therefore, the change in variance across the four lines could be explained as 
an artificial correlation between the mean and variance. A transformation of scale 
was investigated to see if this would equalize the estimates of the variance across 
the lines. The transformed data were analyzed by using both STA and MTA. Both 
the PWT and FST were transformed to natural logarithms and later the data were 
analyzed by using a natural logarithm transformation for the PWT and a square root 
transformation for the FST. Neither of these two transformations may be optimal for 
these experimental populations, but they should provide a first look at the potential 
for improvement by any one of a large class of transformations. 
The observations for both traits in study 1 were transformed from their scale 
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Table 4. 10: Estimates of variance components and genetic parameters fo r the PWT 
and FST in study 1 by using a MTA, base animals and the first four 

















PW FS I I CN 
PWT FST PWT FST PWT FST PWT FST 
7925.4 5.88 16796.9 6.34 12974 .9 6.92 16777 .7 .5 .77 
61.99 113 .07 66.20 117.53 
10080.7 -- 7095.9 -- 6303.9 -- 7243.8 --
34757 .1 30 .17 27612.2 43.12 31698.3 45.13 21478.5 25.83 
2.52 -1. 14 81.18 - 62 .89 
.52763.2 36.06 1 .5 1505.0 49.46 50977.0 52 .05 1 45500.0 31.61 






















of measurement to natural logarithms. The same estimating procedures were used 
for the transformed data as the untransformed data. Tables 4.11 and 4.12 give the 
estimates from the STA for the two traits, PWT and FST. The log transforma-
tion tended to equalize the total phenotypic variance across the four lines, however, 
there were smaller changes in the estimates of genetic parameters within lines on the 
transformed (Table 4.11 and 4.12 ) and untransformed scale (Table 4.2 and 4.3) than 
between lines. Meyer ( 1990) also reported very small changes in heritability estimates 
by transformation for several male and female reproductive traits in beef cattle . The 
heritability for the PWT in each line was similar as that from the untransformed 
data. The C: 2 's were more similar accross lines than from the untransformed data. 
The log transformation tended to equalize the total phenotypic variance in PW, FS 
and IN lines , but there were still less variation in the CN line for the FST than in 
the other lines. The effect of the t ransformation on the estimates of heritability was 
quite different. The heritability estimates in PW and CN lines were nearly the same 
in the untransformed data and transformed data , but estimates from the transformed 
data were less by about one-half in FS line and less by about one-third in the IN 
line than in the untransformed data. In general , transforming the observations to a 
logarithmic scale did not influence the genetic parameters from STA in study 1. A 
test for the normality of this transformed data in PW line showed the logarithmic 
transformation did not normalize the distribution of both traits. 
From MTA, the estimates of heritabilities for both traits with a logarithmic 
transformation (Table 4.13) were similar to those without any t ransformation (Table 
4.4). Estimates of C2's were almost the same as the estimates from STA with t rans-
formation. The additive direct genetic covariances between the two traits in FS and 
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Table 4.11 : Estimates of variance components and genetic parameters for PWT in 
study 1 by STA with log transformation 
Line PW FS IN CN 
Var.comp . 
Additive .002935 .003894 .002147 .002989 
Per.env. .000751 .000739 .0007.59 .000658 
Error .004477 .003961 .004738 .003016 
Pheno . .008163 .008594 .007644 .006664 
Parameter 
h2 .3595 .4.531 .2809 .448.5 
c2 .0920 .0860 .0993 .0988 
Table 4.12 : Estimates of variance components and genetic parameters for FST in 
study 1 by STA with log transformation 
Line PW FS IN CN 
Var .comp. 
Additive .024625 .019907 .029481 .016772 
Error .320086 .313963 .303282 .070923 
Pheno. .344711 .333870 .332763 .087695 
Parameter 
h2 .0714 .0596 .0886 .1912 
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CN lines changed from positive to negative after the logarithmic transformation . The 
genetic correlations also changed following the covariances. The genetic correlation 
for the PWT in PW line , - .26 , was larger than the one without transformation, -.35. 
In comparison , the genetic correlation in FS line changed from .13 (Table 4.4) to -.01 
(Table 4.13) with the transformation. The genetic correlation in IN line was similar 
with and without transformation. In CN line, the genetic correlation changed from 
.07 (without transfromation Table 4.4) to - .05 (with transformation Table 4.13). The 
error and phenotypic correlations also changed , but not as much as the genetic cor-
relations. Although the genetic parameters were not changed by transformation, the 
variances for both traits across the lines were stabilized. For example, the phenotypic 
variance for PvVT in PW line was much larger than in the other lines in untrans-
formed data . After logarithmic transformation for PWT, the phenotypic varaince 
for PWT in PW line was smaller than in FS and CN lines. The transformation of 
scale changed the genetic correlations between the two traits, but not the estimates 
of heritabilities in the four lines , at least for the PWT. 
As Meyer ( 1990) suggested, a square root transformation might be more appro-
priate for counting data, such as number of calvings and serving capacity in beef 
cattle. Therefore , the FST was transformed by using the square root and PWT by 
a natural logarithm transformation. Again, the same estimation procedures of STA 
were applied to this transformed data as in the previous analysis. In Table 4.14 the 
heritability estimates for FST by using a square root transformation in the four lines 
were more similar to the estimates of the genetic parameter without transformation 
than the estimates by using logarithmic transformation. The reason for less change 
in the estimates of the genetic parameters with the square root transformation than 
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Table 4.13: Estimates of variance components and genetic parameters for PWT and 
FST in study 1 by MTA with log transformation of both traits 
Line PW FS IN CN 
Trait PWT FST PWT FST PWT FST P \VT FST 
Var.comp. (lo-2) 
Additive .292.5 2 .. 5086 .3893 1.9679 .2170 3.1476 .3021 1.6645 
Add.cov. -.2267 - .0127 .1099 - .0358 
Per.env. .0753 -- .0740 -- .0749 -- .065-5 --
Error .4482 32 .0216 .3962 31.4537 .4732 30.2221 .3001 7.1396 
Err.cov. .26.51 .0703 .0632 .1660 
Pheno. .816 0 34 .. 5302 .8.595 33.4216 .7651 33 .3697 .6677 8.8040 
Phe.cov . .0384 .0.57.5 .1731 .1302 
Parameter 
h 2 .3.584 .0727 .4529 .0.589 .2837 .0943 .4524 .1891 
Genet. corr . - .2646 - .014.5 .1330 - .0.504 
c2 .0923 -- .0861 -- .0979 -- .0981 --
Err. corr. .0700 .0199 .0167 .1134 
Pheno.corr. .0072 .0107 .0343 I .0537 
.52 
with the logarithmic transformation may be because the square root changes the 
original observations to a larger value than does the logarithm. The heritabilities 
and C 2 's estimated by MTA (Table 4.15) were also very similar to the estimates 
with the same transformation by using STA . The correlations in Table 4.15 were 
more similar to those from the untransformed data than with the logarithmic t rans-
formation for both traits , although the genetic correlation in CN line changed from 
.07 ( untransformed) to - .03 (t ransformed ). 
There are several interesting comparisons among t he estimates of variance com-
ponents and genetic parameters for the two studies and different t ransformations. 
The variances and parameters estimated by STA were similar to those by MTA~ be-
cause REML accounts for selection when all the records on which selection is based 
are in the data. Although the two replications , st udy 1 and 2, were from the same base 
population and the same selection procedures were used , the estimates of varianc~ 
components and genetic parameters were very different in each line, except for the 
randombred CN line. This suggests the criteria of selection created some unknown 
effects, may be a genotype-envi ronment interaction or another biological factor , that 
changed the genetic parameters in the selection lines originating from the same base 
population . This hypothesis was supported by the estimates from the data including 
base animals and the fir st four generations. In this case, the estimates from all four 
lines were more similar than the estimates from the sixteen generations of selection. 
The average inbreeding coefficient for all animals and inbred animals were sufficiently 
small to eliminate inbreeding depression as a contributing factor to the different vari-
ances associated with each line. Transformations of scale (i .e. logarithm for PWT 
and FST , and square root for FST ) tended to equalize the total phenotypic variances 
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Table 4.14: Estimates of variance components and genetic parameters for FST in 
study 1 by STA with sqare root transformation 
Line PvV FS IN CN 
Var.comp. 
Additive .065874 .088824 .110668 .087567 
Error .821318 .845551 .874552 .350886 
Pheno. .887192 .934375 .98.5220 .438453 
Parameter 
h 2 .0742 .09.51 .1123 .1997 
Table 4.1.5: Estimates of variance components and genetic parameters for both traits 
in study 1 by MTA with log transformation on PWT and square root 
transformation on FST 
Line PW FS IN CN 
Trait PWT FST PWT FST PWT FST PWT FST 
Var.comp. ( 10- L) 
Additive .2924 6.984 .3894 8.627 .2173 11.608 .3020 8.480 
Add.cov. -.4810 .1274 .2022 -.0407 
Per.env. .0755 -- .0738 -- .0745 -- .06.5.5 --
Error .4481 81.906 .3963 84 .840 .4731 87.149 .3003 3.5.382 
Err.cov. .4374 .1696 .2029 .3914 
Pheno. .8160 88 .890 .8595 93.467 .7649 98.757 .6678 43 .8612 
Phe.cov. - .0436 .2970 .4051 .3.507 
Parameter 
h2 .3584 .0786 .4530 .0923 .2841 .1175 .4.522 .1933 
Genet. corr. -.3366 .069.5 .1273 - .0254 
c2 .0925 -- .0859 -- .0974 -- .0981 --
Err. corr . .0722 .0292 .0316 .1201 
Pheno.corr. - .0051 .0331 .0466 .0648 
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across the four lines in each study, however , estimates of the genetic parameters were 
very similar for the transformed and untransformed data. 
Environmental and Genetic Trends 
The solutions for the additive direct genetic effects , so called breeding values, 
in mixed model equations ( MME ) show the responses from selection. The average 
breeding values of animals in each generation help us to estimate the genetic trend in 
a particular selection line. The average solutions for fixed effects , mating time which 
is similar to year-season in cattle, estimate the environmental trend excluding the 
random permanent environmental effect. 
Estimates of the environmental and genetic trends from model 3.10 are given in 
Tables 4.16 and 4.17, respectively. The environmental trend in PW line increased 
faster than in the other lines ; about 16.7 f19 per generation through the sixteen 
generations. Estimates of the environmental effects for FS , IN and CN line also 
increased about 1.1, 1.6 and 1.1 f19 per generation , respectively. These results seem 
to suggest that more intense selection on PWT makes the environmental effect much 
higher. In model 3.10, there were two predicted breeding values for every animal , one 
for the additive direct genetic effect ( B VA) and t he other for the additive maternal 
effect (BVM ). Genetic trends in BVA were 101.8 , 8.8, 25.7 and - 0.9 pg per generation 
in PW, FS , IN and CN lines , respectively. Genetic trends in BVM were 17.2 , 0.1, 0.2 
and 0.0 J-19 per generation in the four lines , respectively. The genetic trends for BVM 
in FS , IN and CN lines were very small. Confirming the point that the maternal 
effect for PWT in Tribolium were not biologically important. 
The environmental trends for both traits estimated by S TA with models 3.11 and 
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Table 4.16: Environmental trends for PWT with model 3.10 in study 1 by STA 
Line PW FS IN CN 
Gen . 
0 2696.6 2708.2 2705.3 2717.7 
1 26.57.4 2638 .5 2634 .3 2634.1 
2 2628.3 2673 .1 2671.8 2641.0 
3 2760.9 2706.4 272.5. 9 2710.2 
4 2785.6 2732 .1 270.5 .5 2719.9 
.5 2847.9 2716.2 2733.0 2709.9 
6 2863.6 2729 .7 2779.2 2739 .5 
7 2882.2 2720 .2 2792 .3 271.5.9 
8 2902.7 2710 .2 2796 .9 2716 .. 5 
9 2875.4 2674.0 2770.8 2709.7 
10 2887.9 2699.0 2837.9 2721.1 
11 2906.5 2681.7 2821.9 2735.3 
12 2928 .0 2708.0 2877 .3 2726 .2 
13 2927.3 2684.0 2807 .2 2708 .2 
14 2972 .2 2765.5 2813.4 2683.0 
1.5 2882.0 2728 .3 2744.0 2671.7 
16 2891.1 2667.5 2805.8 2698.3 
6E/ gen. 16.7 1.1 9.5 0.8 
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Table 4.17: Genetic trends for PWT with model 3.10 in study 1 by STA 
Line PW FS 
IN I CN 
Trait BVAa BVMb BVA BVM BVA BVM BVA BVM 
Gen . 
0 0.0 0.0 0.0 0.0 0.0 0.0 - 1.4 0.0 
1 72.9 11.2 11.7 - 0.4 2.5 .6 0.4 - 7.2 0.0 
2 176 .5 28 .8 28 .5 - 0.6 51.9 0.7 - 14.0 0.0 
3 264.0 43 .1 32 .6 - 0 .. 5 73.8 0.9 - 7.8 0.0 
4 329 .9 52 .7 .51.4 - 0.6 98.1 0.9 - 15.3 0.0 
.5 423 .5 70 .2 70.7 -0 .3 121. 6 1.4 - 4.5 0.0 
6 .so.s.6 82 .5 80.9 0.1 164.0 1.9 -7 .6 0.0 
7 617 .5 99 .3 6.0 - 1.0 205.2 2.5 - 17 .. 5 0.0 
8 778.9 126.9 87 .9 - 0.6 226.4 2.3 - 9.6 0.0 
9 91.5. 7 152.7 111.0 - 0.6 238 .9 2.3 - 10 .7 0.0 
10 975.4 163.0 121.5 - 1.6 254 .5 2.1 - 23.4 0.0 
11 1113 .1 187.6 121.6 - 1.4 276 .0 2.4 - 21.1 0.0 
12 1234 .2 207.7 123 .8 - 1.4 302.6 2.4 2.6 0.0 
13 1312 .9 220.5 118.0 - 0.5 322.5 2.7 -4 .1 0.0 
14 1382 .0 230.5 141.8 1.6 357.5 3.3 - 20 .3 0.0 
15 1484 .4 248 .5 138 .0 2.5 398.9 3.8 -26.6 0.0 
16 1533.5 257.9 130.7 3.0 414 .1 3.8 - 27.5 0.0 
!:::.G / gen 101.8 17.2 8.8 0.1 25 .7 0.2 - 0.9 0.0 
a The average breeding value fo r additive direct genetic effect . 
b The average breeding value fo r additive maternal genetic effect. 
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Table 4.18: Environmental trends for PWT and FST in study 1 by STA 
Line PW 
FS I IN CN 
Trait PWT FST PWT FST PWT FST PWT FST 
Gen . 
0 2696.6 27.86 2708 .2 23.13 2705.3 23 .16 2717.7 25 .11 
1 2652 .6 27.47 2638 .6 24.07 2634.6 24.49 2634.1 26.01 
2 2621.6 26.92 2672.5 25.66 2671.9 23.74 2641.1 27.44 
3 27.59.4 24.73 2707.1 23.96 2726.0 23 .0 9 2710 .2 26.97 
4 2785.4 27 .36 2731.4 24.85 270.5.3 24.62 2719 .9 26 .05 
5 2845 .9 27 .02 2716.4 24 .34 2732 .7 24 .91 2709 .9 26.26 
6 2859 .2 27 .98 2727.7 26.85 2779 .0 25.04 2739 .5 28 ./8 
7 2877.6 24.84 2719 .5 23.46 2792 .2 22.02 2715.9 28.87 
8 2893 .0 18.74 2708 .2 18.93 2797 .0 17.12 2716 .5 22 .61 
9 2873.8 18.48 2670 .7 23.73 2770 .0 22.52 2709.8 26 .32 
10 2883.8 17.75 2697 .3 23.62 2837.4 21.92 2721.1 2.5.50 
11 2904 .7 1.5.95 2679 .7 19.66 2822 .2 19.49 2735.4 25 .90 
12 2926 .5 11.19 2704 .. 5 17.95 2877 .5 17.02 2726.3 21.48 
13 2924 .9 13 .58 2681.4 22.92 2807 .1 20 .65 2708.2 23.80 
14 2968 .2 10.38 2762.1 22.64 2813.4 21.72 2683.0 24 .72 
15 2876 .1 8.82 272.5 .1 17.45 2743 .8 15.98 2671.7 21.35 
16 2890.4 -- 2663.9 - 2805.8 - 2689.3 -
~E/gen. 18.7 -1.38 1.9 -0.36 10.4 - 0.43 1.3 - 0.27 
3.12 are given in Table 4.18 . The estimated trend for PvVT in each line was almost 
the same as estimated previously with model 3.10. Because this t rend was estimated 
by the same fixed effect, mating time, it should not be affected by partitioning the 
random part of a model unless the fixed and random effects are confounded. The 
trends for FST decrease in the four lines , especially in PW lines. Direct selection on 
PWT influenced the estimated environmental trend for FST. As mentioned in the 
previous section, a number of animals were infertile or died in generation 9 and this 
could have contributed to this decline in FST. 
The genetic trends for both traits estimated by STA with model 3.11 and 3.12 
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in study 1 are given in Table 4.19. For PWT, the sum of BVA and BVM for every 
animal from model 3.10 gave similar average breeding values for each generation as 
the values reported in this table. There were two kinds of trends for FST estimated by 
STA. In PW and CN lines, the average BVA 's for each mating time were constantly 
near zero and the .6.G per generation were - 0.00 and 0.01 , respectively. In FS and IN 
lines , the average EVA 's increased over generations and the .6.G per generation was 
0.32 and 0.35 , respectively. The FS and I lines were selected directly or partly on 
FST. Therefore , all females had records for PWT and FST. The SPARSPAK (Chu 
et al. , 1984 ) method for solving the MME gives solutions for all animals with records. 
In PW and CN lines , the records for FST were from those females selected as dams 
for next generation. The number of the animals with records in each generation in 
each of these two lines were about one-third of those in FS or IN line. The number 
of animals with records by using STA for FST can not account for the correlated 
response in FST to direct selection for PvVT , therefore the average breeding value in 
each generation for PW line was near zero. 
A generalized computing program, PEST (Groeneveld and Kovac, 1990b ), was 
used to set up and solve the multiple trait MME with all the variance components 
for both traits estimated by multiple trait DFREML. The estimated environmental 
trends for both traits from MTA are given in Table 4.20. For PWT. the two lines 
selected directly or partly on this trait (i.e . PW and IN lines ) increased again. But , 
the .6.E per generation of 17.3 and 9.4 pg by MTA were smaller than those of 18.i 
and 10.4 f1.9 by STA. Estimates of .6.E per generation of 1.3 and 0.6 fl9 in FS and IN 
lines by MTA were also smaller than those of 1.9 and 1.3 f.l9 by STA. This is be cause 
the genetic and error correlations were considered in the multiple trait MME. The 
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Table 4.19: Genetic trends for PWT and FST in study 1 by STA 
Line PW FS IN CN 
Trait PWT FST PWT FST PWT FST PWT FST 
Gen . 
0 0.0 - 0.03 0.0 0.02 0.0 - 0.01 -1.4 0.04 
1 86 .2 - 0.03 11.6 0.37 26.1 0.44 - 7.2 - 0.07 
2 206.6 0.16 28 .3 0.76 .52.8 0.61 - 14.0 -0.07 
3 306.2 0.06 32 .. 5 0.8.5 74 .9 l.O.S - 7.8 - 0.04 
4 384.4 0.03 .51.7 1.34 99.2 1.4.5 - 15.2 0.08 
.s 492.1 0.1 5 71.3 1.76 123 .1 1.88 -4 .6 0.07 
6 .589 .3 0.13 82.1 2.09 166 .1 2.07 - 7.4 0.12 
7 717 .8 - 0.06 86.2 2.30 207.8 2.37 - 17.5 0.07 
8 903.8 0.10 89 .0 2.77 229.0 3.0.5 - 9.6 0.04 
9 1064 .6 - 0.11 112.7 2.82 241.6 2.96 - 10.7 0.21 
10 1135 .0 - 0.19 122 .0 3.12 257.1 3.47 -23.4 0.24 
11 1297.2 - 0.03 122.8 3.48 278.9 3.76 -21.1 0.11 
12 1436 .6 0.06 125 .6 4.01 305.4 4.40 2.6 0.09 
13 1530 .3 -0 .04 120.8 4.25 325.5 4.62 - 4.2 -0.02 
14 1612.2 0.04 147.0 4.65 361.1 4.90 - 20.4 0.06 
1.5 1731.1 0.18 144.4 4.90 403 .1 5.24 -26 .2 0.20 
16 178.5.4 -- 137 .. 5 -- 418.4 -- -27.6 -
D.G / gen. 120.2 -0.00 9.7 0.32 26.0 0.35 -0 .7 0.01 
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Table 4.20: Environmental trends for PWT and FST in study 1 by MTA 
Line PW FS IN CN 
Trait PWT FST PWT FST PWT FST PWT FST 
Gen. 
0 2764.8 27.91 2766.8 23.13 2767.6 23.16 2765.4 25 .11 
1 2721 .5 27.88 2696.6 24.08 2696.5 24.40 2680.9 26.03 
2 2691.9 27 .79 2730 .1 25.65 2733.6 23 .60 2687.0 27.40 
3 2830.4 25 .83 2764.4 23.94 2787.0 22 .88 275.5.6 26.97 
4 2856.9 28.83 2788.2 24 .78 276.5 .7 24.3.5 2764 .4 26.00 
5 2918.5 28.67 2772.7 24 .29 2792.3 24.57 27.53.3 26.27 
6 2931.8 30.09 2783 .. 5 26.81 2838.5 24.61 2782.4 28.89 
7 2949.6 27.60 2774.9 23.42 2850.8 21..50 2758 .2 28.82 
8 2962.1 22.13 2762 .. 5 18.63 2854 .3 16.43 27.58.2 22.78 
9 2941 .. 5 22.29 2724.7 23.64 2826.8 21.88 27.50.6 26.36 
10 2949.9 22.02 27.50 .6 23 .5.5 2892 .. 5 21.18 2761.3 2.5.49 
11 2966.9 20.79 2732.3 19.61 2876.4 18.65 2774.9 25.87 
12 2984.3 16.41 2756 .2 17.83 2929 .9 16 .11 276.5 .0 21.43 
13 2980.2 19.20 2732.4 22 .8.5 2858.2 19 .65 2746.4 23.82 
14 3019.8 16.37 2812 .1 22.53 2862.7 20 .62 2720 .8 24.75 
15 2923.1 1.5.28 2774.4 17.35 2791.0 14.80 2708 .7 21.46 
16 2935.1 - 2712 .7 - 2851.7 -- 2726.6 -
6.E/ gen. 17.3 - 0.94 1.3 -0.36 9.4 -0.51 0.6 - 0.26 
estimated environmental trend per generation for FST in PW line by MTA, - 0.94 
;..tg , was much less than the by STA . Estimates of the environmental trends for other 
lines were more similar by using MTA and STA . 
The genetic and environmental correlations between the two traits made the 
genetic trends from MTA more reasonable (Table 4.21). The genetic trends for PWT 
in the four selection lines were slightly larger by using MTA than STA . The largest 
difference between the STA and MTA was the genetic trend for FST in PW line. 
where the genetic response was .01 per generation in STA and - .38 in MTA. As 
Pollak et al. (1984) reported , using lYITA t o obtain the predicted breeding value 
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Table 4.21: Genetic t rends for PWT and FST in study 1 by MTA 
Line PW FS IN C'N 
Trait PWT FST PWT FST PWT FST PWT FST 
gen. 
0 -0.1 - 0.27 -0 .1 0.02 -0 .0 -0 .01 0.1 0.04 
1 85.4 -0 .66 12.1 0.37 26.5 0.52 - 4.9 - 0.08 
2 204 .. 5 - 0.91 29.3 0.77 53.4 0.74 - 10.9 - 0.07 
3 303.4 -1.33 33.7 0.87 76.2 1.26 -4 .0 -0.0.5 
4 381.1 - 1.72 .53 .5 1.39 101.2 1.72 - 10.5 0.09 
.5 487.6 -1.94 73 .7 1.80 125.7 2.22 1.2 0.07 
6 584.9 -2.39 84.8 2.1 3 169.0 2.50 -1.1 0.15 
7 713.9 - 3.13 89.3 2.35 211..5 2. 88 - 10.6 0.07 
8 902.8 - 3.66 93.3 2.85 234.0 3.71 - 2.1 - 0.03 
9 1065.0 -4.08 117.2 2.91 247.3 3.60 - 2.3 0.19 
10 1137.0 -4.83 127.2 3.19 264 .3 4.21 - 14 . .5 0.21 
11 1302.9 -.s .1 7 128.7 3 .. 55 287.2 4.58 -11.5 0.10 
12 1446 .7 -5.42 132.4 4.11 315.4 .5.31 13.0 0.11 
13 1543 .0 - .5.88 128 .3 4.32 336.8 .5.61 6.8 -0.0 .5 
14 1628 .5 -6 .16 1.55.6 4.74 374 .1 5.98 - 9.0 0.0.5 
15 1751 .9 -6.23 153.6 4.99 418 .2 6.43 - 14.4 0.23 
16 1808 .6 -- 147.3 - 434 .7 - - -15.6 -
~G/gen. 121.6 - 0.44 10.4 0.33 26.9 0.43 -0.0 0.01 
would reduce or eliminate bias from selection on correlated traits. Estimated genetic 
trends for FST in FS and IN lines also increase by .05 per generation , but another 
problem takes place in these lines. The average breeding values (genetic responses) in 
each generation for FST in FS line were less than IN line. Theoretically, within line 
selection for a single trait , FST, should be superior to other selection methods for 
producing genetic response for this trait. The greater genetic gain in IN line might 
be due to the genotype-environment. interaction or the positive association of the two 
traits during selection . 
The comparison between environmental trends estimated by STA and MTA for 
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PWT and FST in this replication is shown in Figures 4.1 and 4.2. All the trends from 
MTA in the four lines were larger than those from STA. The positive environmental 
trends in PW or IN lines , the lines selected directly or partly on PvVT , are also shown 
in the first figure. For FST(Figure 4.2), estimates of environmental effects from STA 
and MTA were similar , even overlapping , except in PW line. Estimates of the mating 
time effects from STA decreased faster than from MTA in PW line. The difference 
between these two trends in PW line became part of the additive direct genetic effects 
in MTA, because the genetic and environmental correlations , and all the records for 
the primary trait , PWT, were included in the model for MTA. 
In Figure 4.3 , the genetic trends for P\VT from both STA and MTA are shown. 
The scale in CN line was smaller than in the other lines so the difference between 
the trends from STA and MTA looks superficially larger. Actually, they are almost 
overlapping on the same scale as the other lines. Because all animals had records 
for PWT estimates of genetic trends by using STA and MTA were nearly identical. 
But not all the lines had all the females with records for FST (e.g . PW line). The 
genetic trend for FST in PW line as estimated by STA was affected by the selection 
for PWT. Meyer and Thompson (1986 ) concluded that the prediction of breeding 
values by using MTA would be unbiased if all the records for the directly selected 
trait were available. In PW line, the genetic trend for FST from STA was constantly 
around zero , but the one from MTA decreased from zero to less than -6 (Figure 
4.4). The genetic trend for FST in PW line estimated by STA was potentially biased 
because animals were selected on PWT and the animals culled were not included in 
the analysis. In FS line, the genetic trend for PWT as estimated by STA should also 
be biased because animals were selected on FST. But , the bias was very small because 
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all animals have PWT. The genetic trends for both traits in IN line as estimated by 
MTA increased slightly faster than the trends estimated by STA. In the IN line , the 
potential bias would take place in the genetic trend for each trait estimated by STA 
because the model for each STA did not account for selection on the second trait. 
The second replication, study 2, was analyzed by using the same procedures for 
solving MME as in study 1. As indicated earlier, estimats of variance components 
and genetic parameters were not totally the same in the two replications. Therefore , 
the magnitude of selection responses should be slightly different. 
Table 4.22: Environmental trends for P\.YT and FST in st udy 2 by STA 
Line PW FS I IN CN 
Trait PWT FST PWT FST PWT FST PWT FST 
Gen . 
0 2744.0 26.12 2759.3 23.3.5 2748.9 23.35 2749.0 26.48 
1 2865.2 21.84 2793.3 20.41 2814 .3 20.11 2807.5 22.08 
2 2906 .2 23 .99 2766 .1 25.07 2820 .3 23.10 2782 .8 23.64 
3 2928 .0 26.17 2747 .1 25 .84 2808 .9 23.41 2778 .3 25.93 
4 2928 .6 24 .03 2732 .6 22 .16 2810.9 21.53 2737 .5 23.97 
5 3048.1 23.64 2755.9 22.30 2829.1 22.46 2735.0 26.72 
6 3116 .0 21.37 2793 .7 25.36 2836 .1 24 .08 2739.9 25.42 
7 3219.3 22 .64 2782 .1 24.31 2865 .2 22 .20 2766 .9 24.13 
8 3365.4 17.95 2779.0 23 .70 2903.5 21.71 27.56 .9 24.84 
9 3280.6 21.45 2700.2 25.03 2867 .9 24.36 2669.0 26.35 
10 3522 .2 17.02 273.5.5 .23.31 2922 .6 21.88 2748.4 24.43 
11 3562 .8 20 .01 2681.5 23.44 2851.6 24.40 2689 .1 24.84 
12 3446.5 14.30 2614.0 24 .58 2788.4 22 .50 2606.1 23.27 
13 35.56 .6 18 .02 2675.4 26 .. 54 2890.8 25.66 2674.1 27.80 
14 3599.9 18.36 2681.4 27.73 2909.8 23.87 2669.9 2.5.14 
15 3728.4 19.81 2726.2 25.95 2965 .1 23 .1 6 2707.9 26.45 
16 3748.0 - 2729 .. 5 -- 2941.3 -- 2719 .3 --
~E/gen. 64.1 - 0.56 -7.2 0.22 8.8 0.12 -8 .3 0.09 
The environmental trends from STA are given in Table 4.22 . The ~E per gen-
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eration for PWT in PW and I - lines were about 64.1 and 8.8 p.g, but those in FS 
and CN lines were -7.2 and -8.3 pg , suggesting that some effects due to selection 
on PWT have not been considered in the model. The ~E per generation for FST 
declined about -0.56 animals in PvV line and increased about 0.22 and 0.12 animals 
in FS and IN lines. The environmental trend for FST in PW line estimated by STA 
was very similar to its phenotypic trend , shown in Table A.2 of the Appendix , indi-
cating that the STA procedure for predicting solutions of MME could not account for 
the correlated trait with out all the records included in the analysis. Therefore , with 
selection on PvVT , estimates of its environmental effects increased over time with a 
concurrent decrease in the estimates of environmental effects for FST . On the other 
hand , selection on FST , increases its own environmental effect without a concurrent 
effect on estimates of environmental effects for PWT. 
The genetic trends for both trait s estimated by STA in study 2 were similar to 
those reported for study 1, except for in PW line (Table 4.23 ). The genetic response 
per generation, ~G/gen. , in PW line was about one-half of that achieved in study 1; 
54 .8 versus 120 .2. The estimated genetic trend for FST in PW line by using STA was 
0.02 animals per generation, confirming the point that failure to use all the records 
on which selection is based in STA causes biased prediction of genetic responses as 
described instudy 1. 
The genetic trend for FST in IN line increased a little faster than in FS line 
for both replications. The genetic responses for FST in IN line , selected on both 
traits equivently and simultaneously, were slightly higher than the genetic reponses 
in the FS line , selected directly on FST. The genetic correlation between the PWT 
and FST was positive in FS , IN and CN lines for study 1 and in IN and CN lines 
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Table 4.23: Genetic trends for PWT and FST in study 2 by STA 
Line PW FS IN CN 
Trait PWT FST PWT FST PWT FST PWT FST 
Gen. 
0 -0.1 -0.06 -1.2 -0.01 - 0.9 - 0.01 -0 .6 -0.02 
1 54 .7 - 0.08 9.3 0.27 20 .8 0.19 7.0 0.03 
2 93.9 -0.25 20.4 0.53 51.5 0 .. 53 9.7 0.10 
3 143.3 - 0.19 45 .8 0.78 96.8 0.83 14.7 0.07 
4 174.4 - 0.25 48.0 0.91 122.6 1.10 16.1 0.34 
.5 227.3 - 0.01 46.4 1.30 1.52.8 1.51 14.5 0.42 
6 278.7 0.07 37.1 1.69 178.2 1.83 0.9 0.62 
7 340 .9 0.03 29.8 1.95 221.2 2.11 - 11.2 0.50 
8 411.2 0.11 39.9 2.06 227.3 2.43 - 4.8 0.34 
9 472.4 0.12 55.7 2.26 235.2 2.94 - 10.8 0.39 
10 .540.4 0.11 8.5.5 2.46 245.1 3.18 -0.4 0.48 
11 603 .7 0.05 86.4 2 . .56 257.6 3.44 -1 .5.0 0 .. 5.5 
12 656.4 -0.05 97.4 2.97 298.9 3.66 - 17.9 0.41 
13 713.1 0.10 108.1 3.30 347.1 3.94 - 12.7 0.78 
14 724.4 0.08 121.7 3 .. 57 373.7 4.18 - 15.9 0.67 
15 79.5 .5 0.03 131.2 3.80 416 .7 4.40 - 16.3 0.61 
16 853.6 - 140.1 - - 447.0 -- - 4.8 --
~G /gen. 54.8 0.02 8.0 0.25 25.7 0.31 -2 .1 0.04 
for study 2. Whereas , the genetic correlation in PW line for study 1, and PW and 
FS lines for study 2 were negati ve. It seems that direct selection on PWT causes a 
genetically negative association between PWT and FST , but two-trait selection can 
eliminate the negative correlation and obtain good selection responses on both traits 
simultaneously. Bell ( 1982) concluded that in Tribolium, index selection was not the 
most efficient method of selection , because of errors in estimating genetic parameters. 
If the genetic parameters can be estimated more accurately, index selection may be 
the most efficient method to improve average breeding values in a population. 
By MTA, the environmental trends for both traits are given in Table 4.24. The 
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trends for P\,YT in these four lines were similar or less than the estimates by STA, in 
part, because the genetic and error correlations were included in the prediction proce-
dure. But now the predictions are also based on all data for both traits . The genetic 
trend for FST in PW line decreased much less than that by STA. This reconfirms 
the discussion about study 1. The moderate negative genetic and error correlations 
between the trait under direct selection and the correlated trait , -.19 and -.10, would 
reduce or eliminate the bias from select ion and failure to obtain all the records for 
the correlated trait. The environmental trend for PWT in FS line was higher than 
estimated by STA , because the negative correlation between the two traits reduced 
the estimated average breeding values for PWT and the environmental effects were 
given for more credit. Estimates of the environmental trends for FST in the IN and 
CN lines were similar for both STA and MTA. 
The genetic trends for both traits by MTA in study 2 are presented in Table 
4.25. The genetic trend for PWT in PW line was still about one-half of the estimate 
in study 1, and slightly larger than that by STA. The estimated genetic response for 
PWT in FS line was .5.2 J.L9 per generation; about 4 f.L9 smaller than that estimated 
by STA. Moreover, the trend in average breeding values decreased in generations 6 to 
9, but tended to increae again after generation 10. Comparing FS line with IN line , 
there was a higher response per generation by index selection than by direct selection 
on FST alone. The estimated genetic trends for FST in PW line changed from .02 
in STA to -.21 in MTA , as was also found in study 1. In general , the other genetic 
trends in this table were similar to the estimates from STA and slightly less than in 
study 1. 
The environmental trends for PWT estimated by STA and MTA in each line 
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Table 4 .24 : Environmental trends for PWT and FST in study 2 by MTA 
Line PW FS IN CN 
Trait PWT FST PWT FST PWT FST PWT FST 
Gen . 
0 2801.8 26.93 2812.7 23 .14 2806.8 23.27 2806 .0 26 .87 
1 2923.3 22.69 28.51.2 20.36 2871..5 20.06 2864 .. 5 21.9.5 
2 2964.2 25 .18 2828 .8 25 .12 2875.7 22.96 2839.3 23.45 
3 298.5.9 27.11 2812.6 25.88 2862.8 23 .18 2834.1 25.87 
4 2986.6 25.46 2799.8 22.27 2864.0 21.14 2793.6 23.99 
.5 3105.8 2.5 .18 2828.4 22.41 2880 .2 22.01 2790.6 26.89 
6 3173.4 23.13 2871.5 25 .49 2885.3 23.60 2795.1 25 .56 
7 3276.3 24.93 2863.3 24.40 2912.4 21.57 2821.0 24 .24 
8 3421..5 20.25 2863.8 23.83 2949.5 21.06 2810.9 24 .96 
9 3335.1 24.03 2788.4 25.23 2913.3 23.6.5 2723.3 26 .37 
10 3.575.0 19.89 2826.7 23.55 2965.5 21.22 2802.5 24.55 
11 3612.7 23 .27 2776.4 23.63 2892 .8 23.68 2743.0 24 .88 
12 :3493.7 17.91 2713.2 24.71 2827 .6 21.63 2659.9 23 .33 
13 3599 .7 21.10 2777 .5 26 .73 2927.0 24.68 2727.5 27.90 
14 3641.5 22 .19 2787 .4 27.93 2944 .0 22.76 2723.0 25.10 
15 3765 .2 23 .89 2835.1 26 .19 2996 .8 21.95 2760.4 26.40 
16 3780.0 - 2841.6 -- 2970 .0 - 2772.2 --
~E/gen. 62.8 - 0.33 -3.5 0.24 7.0 0.05 - 8.6 0.08 
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Table 4.25: Genetic trends for PWT and FST in study 2 by MTA 
Line PW FS IN CN 
Trait PWT FST PWT FST PWT FST PWT FST 
Gen. 
0 - 0.1 - 0.25 -1.7 - 0.03 -1.0 0.03 - 0.6 0.04 
1 54.3 - 0.47 4.2 0.24 22 .1 0.25 8.2 0.12 
2 93.8 - 0.8.5 10.5 0.49 54.0 0.69 10.2 0.28 
3 143.0 -0 .91 33.2 0.69 100.8 1.08 1.5.9 0.13 
4 174.2 - 1.1.5 33.8 0.80 127.4 1.48 17.0 0.34 
5 227.4 - 1.10 26.9 1.18 159.7 1.96 1.5.9 0.40 
6 279.2 - 1.27 12.1 1.59 186.9 2.32 2.8 0 . .50 
7 341 .5 -1.69 1.5 1.83 231.9 2. 7.5 -8 .3 0.42 
8 412.9 -1.77 8.0 1.95 239.2 3.08 - 1.8 0.26 
9 47.5.7 -2 .00 20 .3 2.13 246.9 3.61 -7 .9 0.35 
10 .54.5 . .s -2 .35 47.3 2.30 260 .2 3.86 2.4 0.37 
11 611.5 - 2.67 44.5 2.42 274.3 4.16 -1 1.8 0.49 
12 666 .9 -3 .03 .51.1 2.80 317.7 4.52 -14 .7 0.33 
13 727.7 - 2.91 58 .8 3.11 368 .8 4.94 -9 .0 0.66 
14 740 .6 -3 .19 68.6 3.37 397.5 5.28 -12 .1 0.63 
15 816.6 -3 .. 52 7.5.3 3.59 442.9 5.61 -12 .1 0.63 
16 879.4 -- 81.0 - 476 .2 - -0 .7 --
!:::.G j gen. .56.1 - 0.21 4.3 0.24 27.5 0.38 - 1.8 0.03 
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are given in Figure 4.5. In comparison with study 1, the environmental trend in PW 
line increases much faster , and the estimates for the other lines are similar in both 
studies. For FST, the environmental trend from MTA in PW line decreased less 
than that estimated from STA, as described previously · the environmental trends in 
the other lines estimated by STA and MTA (Figure 4.6) were essentially identical. 
The environmental trends in FS , IN and CN lines seemed to increase slightly over 
the fifteen generations. Whereas , in study 1 the estimates were more stable over the 
whole experiment. 
The genetic trends for PWT estimated by STA and MTA were nearly equal in 
each of PW, I and CN lines (Figure 4.7 ). The genetic trend in FS line estimated by 
MTA increased less than the one by STA because of the negative genetic correlation 
in that line. Compared to study 1, the estimated genetic trends for PWT in each line 
were similar in direction . The genetic trends for FST estimated by STA and MTA 
are shown in Figure 4.8. STA for FST failed to predict the genetic response in PW 
line as in study 1. The genetic trends for FST in the other lines were also similar to 
those from study 1, except for the trend in C line, which increased slightly through 
the fifteen generations. 
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CHAPTER 5. CONCLUSION 
Althought, PW, FS and IN lines , selected on pupa weight , family size and an in-
dex for the two traits , respectively, and CN line without any selection, came from the 
same base population, the variance components and genetic parameters estimated by 
single trait or multiple trait derivative-free restricted maximum likelihood procedures 
were very different across the four lines. Heritability estimates for PWT in FS and 
CN lines were higher than in PW and IN lines in both repli cations. For FST , the 
heritability in CN line was 2 to 3 times larger than in other lines. The genetic corre-
lations estimated by using multiple t rait analysis (MTA ) were moderately negative 
values in PW line of both replications. Estimates of genetic correlations in other 
lines were moderately to small positive values except for the small negative genetic 
correlation in FS line of the second replication. The error correlations and c2, the 
ratio of permanent environmental variance to phenotypic variance , were small and 
more constant among t he lines. 
The average inbreeding coefficients in all lines of the two replications were small. 
The effect of inbreeding was not. the problem causing different variances and param-
eters mentioned above . 
Transforming both PWT and FST to a logarithmic scale did not eliminate the 
differences among heritability estimates in the first replication , but some of the corre-
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lations were changed . Another transformation , PWT with logarithm and FST with 
square root , gave the same results as did the logarithmic transformation of both 
traits. Therefore, the transformation of the observations reduced the magnitude of 
the variance components without changing the estimates of the parameters. 
The analysis of the data from base animals and the first four generations showed 
that the variance components and parameters were more similar among lines, how-
ever , the additive direct genetic variance, permanent environmental variance and 
heritability in P\V line were markedly different from the other lines. Estimates of 
variance components and genetic parameters from lines with less intense selection 
for PWT were closer to the base population. The estimates from CN line from all 
data in both replications were more similar than in the other lines. The line with-
out any selection on both traits yielded more similari ty in the estimates of variance 
components and genetic parameters. The results therefore suggest that there could 
be some unknown effects generated during the sixteen generations because of the 
different criteria of selection in this experiment . These unknown effects might be 
biological factors, a genotype-environment interaction or both. 
Solutions of the mixed model equations were obtained by both single trait anal-
ysis ( STA) and MTA to estimate the environmental and genetic trends. In both 
replications , the environmental trends for PWT increased in the lines selected di-
rectly or partly on PWT. This suggests that there were some effects generated by 
the selection criteria, because there was no environmental trend in PvVT in lines not 
selected for PWT. For FST, the environmental trends in lines selected directly for 
FST decreased in the first replication , and increased slightly in the second replication , 
except for PW line. The genetic trends for P\,YT increased in PW, IN and FS lines 
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from high to low, and fluc t uated around zero m CN lines. The estimated genetic 
trends for FST in FS and IN lines increased more than 0.38 and 0.24 animals per 
generation; whereas the genetic trend in PW line from MTA decreased -0 .38 and 
-0.21 animals per generation in both replications. Those in CN line increased about 
0.01 and 0.03 animals per generation in the two replications. 
Estimates of the variance components and genetic parameters by MTA were al-
most the same as those by STA, except for the genetic and error correlations which 
are only estimated by MTA. It is possible that the REML procedure can not account 
for all effects of selection under the conditions defined by this experiment. For en-
vironmental and genetic trends. there were two interesting results from MTA versus 
STA. First , the genetic trends for FST in PW line were constantly around zero by 
STA and decreased -0.38 and -0.21 animals per generation by MTA. Because these-
lection criterion in PW line was to increase PWT, only females selected as the dams 
for next generation had records for FST and there were no records for females culled. 
Females with records for FST in PW line were one-third of t he total females and STA 
could not account for the missing information . MTA accounted for the missing infor-
mation for FST in PW line by using genetic and error correlations in the prediction 
procedure. Therefore , all records of the primary trait must be included in multiple 
trait mixed model method for more accurate predictions using selected data. Second, 
the genetic response per generation for PWT of FS line in the second replication es-
timated by MTA was 4.3 f.19 less than that by STA, because of the negative genetic 
correlation. In IN line , the genetic trends for FST by MTA increased faster than the 
estimates by STA in both replications. The genetic and error correlations influenced 
the prediction of breeding values by MTA. By reducing the errors in estimates of 
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parameters , the accuracy of prediction is increased . 
Single trait within line selection should result in optimal selection responses for 
the primary trait , but it also influences the genetic responses of the secondary trait , 
even if the genetic correlation is small or negative. The genetic responses of FST in 
IN line was higher than in FS line and those for PWT in IN line were also about three 
times greater than in FS line for both replications. Reducing the error in estimation 
of genetic parameters would help the efficiency of index selection to simultaneouly 
improve the genetic responses for two traits which have a small negative correlation. 
Some further studies of growth and reproductive fitness in livestock are needed in 
order to apply index selection in designed breeding experiments and also in field data. 
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APPENDIX PHENOTYPIC MEAN 
Table A.1: Phenotypic trend for PWT and FST in study 1 
Line PW FS IN CN 
Trait PWT FST PWT FST PWT FST PWT FST 
Gen . 
0 2761.3 27 .83 2761.3 23.15 2761.3 23.15 2761.3 25 .1.5 
1 2803.4 27.44 2703.3 24.44 2716.5 24.93 2671.9 25.94 
2 2892.7 27.07 2753.8 26.42 2780.4 24.36 2672.0 27.37 
3 3151 .4 27 .80 2810 .3 24.81 2875.4 24 .14 2762.2 26 .93 
4 3234 .5 27 .39 2836 .2 26.19 2860 .5 26 .07 2749 .6 26.13 
5 3402.7 27.02 2840.9 26.10 2911.4 26.79 27.50.3 26 .33 
6 3.512.8 27.98 2862.9 28.94 3001.2 27.11 2776.7 29.04 
7 3680.9 24 .78 2876 .4 25.77 3074 .8 24 .39 2758.2 28.94 
8 3861.4 18 .84 2850 .3 21.70 3082.0 20.17 2751.7 22.65 
9 4003.1 18 .37 2836.4 26 .. 5.5 3070.4 25.47 2743.9 26 .. 54 
10 4083.4 17.56 2872 .4 26.74 3150.8 25 .39 2742 .7 25 .74 
11 4282 .1 1.5.92 28 73.1 23.1.5 3175.6 23.26 2773.8 26 .02 
12 4426.8 11.24 2882 .8 21.96 3238 .. 5 21.42 2773 .8 21.57 
13 4.520 .9 13.5.5 28.5.5.0 27.17 3188.7 25.27 2749 .0 23 .78 
14 4644 .8 10 .41 2962.3 27 .29 3230 .2 26 .62 2707 .6 24.78 
15 4676.5 9.00 2922.6 22.34 3202.7 21.22 2689.9 21.69 
16 4 738 .2 - 28.54 . .5 -- 3280.0 - 2706 .5 --
Mean 3524 .3 21.47 2836.0 25 .16 2994 .. 5 24.44 2742 .8 2.5 .58 
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Table A.2: Phenotypic trend for PWT and FST in study 2 
Line PW FS IN CN 
Trait PWT FST PWT FST PWT FST PWT FST 
Gen. 
0 2800.8 26 .06 2800 .8 23 .34 2800.8 23 .34 2800.8 26.46 
1 2976 .8 21.75 284.5.0 20.68 2888.3 20.30 2870.0 22 .11 
2 3058 .. 5 23 .74 2829.1 25.61 2924.4 23 .64 2844.8 23 .74 
3 3128 .3 25.98 2835.6 26.62 29.58.3 24.25 284.5.3 26 .00 
4 3178.8 23.78 2837.5 23.06 3003 .6 22 .63 2823.0 24.31 
.5 3332.2 23.63 2845.0 23.60 3034.5 23 .98 2801.8 27.27 
6 34.51 .5 21.44 2873.4 27.05 3066.8 25.90 2793.2 26.04 
7 3276.3 24.93 2868.6 26.25 3156.4 24.31 2825.1 24 .63 
8 3421..5 18.06 2861.5 25.76 3183.3 24.14 2804.4 25.19 
9 3814.9 21.57 2798.5 27.29 3153.0 27.26 2710 .. 5 26.74 
10 4120 .8 17.13 2863.7 25.77 3220.3 25.05 2800.3 24 .91 
11 4236 .. 5 20.06 2824 .8 26.00 3178.6 27.84 2744 .0 25.39 
12 4158.9 14.25 27.54.0 27..54 3139.9 26 .1 6 2640 .. 5 23.69 
13 4320.3 18.12 2825.7 29 .83 3290.4 29.60 2713.7 28.57 
14 4380.7 18.44 284.5.8 31.30 3336 .1 28.05 2706.2 25.76 
15 4579.0 19 .84 2900 .1 29 .7.5 3434.4 27.56 2743.6 27.06 
16 4659.4 -- 2912.3 -- 3440.9 -- 2766.8 -
Mean 3550.3 21.33 2836 .7 25.94 3083.1 25.15 2782.7 25.49 
